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Sustainable water resources management requires tools to help farmers identify 
variations in soil hydraulic characteristics so that precision irrigation schemes can be 
developed to optimize water use. In this study we use electromagnetic induction (EMI) to 
evaluate whether changes in the apparent electrical conductivity ( ) of agricultural fields 
can be related to hydrologic processes. Field work for this study was completed at three 
different sites – 1) in different agricultural fields located in a watershed near Salri, 
Madhya Pradesh, India, 2) over an agricultural field located near Clemson University, 
SC, and 3) at a flood plain wetland restoration site near Madison, Wisconsin.  
The spatio-temporal study of  for fields in India revealed that  were related 
with the overall wetting and drying cycles at both seasonal and short term (daily) time 
scale. It was also found that there was a dependence of  patterns associated with the 
location of the field within the watershed. The short term EMI mappings revealed that  
and changes in  both showed a similar spatial pattern for one of the fields. However, in 
contrast another field showed emergence of different patterns for both the  and changes 
in . Infiltrometer tests were performed to further investigate the field and a better 
relation, was observed with the measured hydraulic conductivity estimated using mini 
disk infiltrometer measurements and the changes in  as against the absolute 
conductivity values.  
The cluster analysis performed for the fields in India showed that clustering 
performed using spatial data was able to capture the two different soil textures 
 iii
qualitatively observed in the field. A Monte Carlo analysis showed that the two clusters 
always had significantly different means showing that they belong to different clusters 
statistically as well.  
The purpose of the study performed in an agricultural field near Clemson 
University was to evaluate the relationships between  and soil hydraulic properties. At 
this site, repeated  measurements were made using Geonics EM-38 MK2 over two rain 
events. The range of  changed over time as a result of wetting and drying of the field to 
some extent but the within field spatial patterns of  were relatively consistent. The 
conductivity values correlated with the water content and finer particles obtained from 
the soil properties analysis with significant correlation values ranging from R = 0.36 – 
0.78 for water content and R = 0.44-0.81 for % fines. The changes in , however, were 
not found to show any linear relationship with changes in water content, water retention 
curves or basic infiltration rate obtained using infiltration tests. The exact reason behind 
such behavior are unknown and other parameters like fluid conductivity and temperature 
might be take into account for future studies to investigate it further. 
The last part of the study investigated application of EMI to capture the water 
content and soil variability at a restored wetland location near Madison, Wisconsin. The 
soil moisture was recorded at the field site using various soil moisture methods including 
a fiber optic distributed temperature sensor (DTS). The  weakly correlated with the soil 
moisture however spatial patterns in  and changes in  illustrated the overall wetting 
and drying of the field. Persistent wet and dry zones were observed along the DTS 
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transect and indicate variations in soil hydrology. The  was able to qualitatively 
capture a similar trend.  
From all the studies performed at different field site, it can be concluded that 
Electromagnetic Induction can capture the variation in water content, soil texture and 
could also be related to the spatial patterns present in these soil properties The transient 
electromagnetic induction surveys however were not very efficient in capturing the 
changes especially for Clemson field site using the analysis technique adopted in this 
study. The future work can involve exploring the reasons why this relationship between 
the change in conductivity and changes in soil properties were not being captured by 
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Sustainable management of resources can be achieved through precision 
agriculture. It aims to improve economic as well as environmental efficiencies by 
applying variable optimum amount of inputs across the agricultural field (Sadler, 2005). 
Infield variations are commonly present in the field. This field level variability of soil 
properties has been ignored for a long time which could form a basis to create 
subdivision in the field to form management zones (Hedley et al. 2004). 
Apparent electrical conductivity ( ) has an important role to play in site-specific 
farming and management. Spatial variations in  has been proved to be an effective way 
to delineate distinct zones which have different physical, chemical and biological soil 
conditions (Johnson et al , 2001). 
There are several techniques to measure electrical conductivity of the subsurface 
including four electrode resistance measurements, time domain reflectometry and non-
contact electromagnetic induction (EMI) based sensors (Ristolainen, 2001). Non-contact 
EMI methods have an edge over the other methods as they provide noninvasive, quick 
and inexpensive measurements of the apparent electrical conductivity of subsurface.  
 Apparent electrical conductivity acts as a surrogate to various soil properties like 
salinity, clay content, moisture content, cation exchange capacity (Corwin and Lesch, 
2005; McNeill, 1980). As  is a cumulative indicator of various soil properties, it is 
 2 
important to understand the theory behind these measurements and working principle of 
EMI based instruments. 
 3 
1.2 Apparent electrical conductivity: 
The electrical conductivity of the subsurface can be defined as its ability to 
conduct electrical current. Apparent electrical conductivity is the spatially weighted 
average of bulk electrical conductivity obtained by measurements. The fundamentals 
behind the  measurements can help to have a better understanding of the factors 
affecting the variations in  measurements.  
Archie’s empirical law forms the basis for dependence of conductivity on soil 
properties. It was initially proposed for the saturated porous media however was later 
extended to unsaturated media. It was formulated as:  
 = aσwфmSd       (1) 
Where, a refers to an empirical constant, σw refers to electrical conductivity of 
fluid in pore space, ф refers to porosity of the media and S refers to the saturation of the 
media. The value of the saturation exponent (d) was found to be close to 2 from various 
experiments (Friedman, 2005). The exponent ‘m’ is known as cementation exponent 
which is material dependent and was reported to vary from 1.2 – 4.0 (Friedman, 2005).  
However, in 1976, Rhoades proposed using an empirical function that apparent 
electrical conductivity also depend on surface conductivity (σs) along with water content 
and electrical conductivity of the fluid. However, σs was considered to be independent of 
water content and σw. The surface conduction is present since the matrix of the medium is 
negatively charged and is balanced by the presence of counter ions which form a diffused 
layer over the charged particles (Revil, 1998). 
  = T(S)Sσw + σs      (2) 
 4 
Where, T is the transmission coefficient and is a linear function of saturation (S). 
It is given as T = aS + b, where a and b are empirical parameters and vary with the type 
of soil. This whole approach is consistent with the Archie’s extended formula along with 
some addition of new factor of surface conductivity in terms of saturations. As per the 
Archie’s extended law, apparent electrical conductivity depends on saturation raised to an 
exponent value close to 2. The substitution of expression of T in Equation 2 shows 
existence of a quadratic relationship between  and water content.  
Thus, it can be concluded that soil water content, electrical conductivity of fluid, 
porosity and clay content are a few of the important soil properties affecting the apparent 
electrical conductivity. Apart from these, the 	also depend on soil temperature. The 
dependence of  with temperature has been discussed by Corwin and Lesch (2005). The 
electrical conductivity, generally, show approximately 1.9% per °C increase in 
temperature. The electrical conductivity is often expressed at a reference temperature of 
25°C for comparison. 
Thus, if a field is frequently mapped the only parameter which would attribute to 
change in  values is soil moisture, fluid conductivity and temperature as the soil 
texture, clay content , CEC, porosity of any field are unlikely to change drastically over 
short time scale. This forms the basis of the study performed to use transient EMI data 
correlated with soil moisture to identify soil management units.  
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1.3 Working Principle of EMI instruments: 
EMI sensors have been effective tools for non-invasively mapping distributions of 
 over large areas (Corwin and Lesch, 2005). The measurement operates by passing an 
alternating current through the instrument’s transmitter coil that produces a magnetic 
field which induces eddy currents in the subsurface (Figure 1.1). If the induced horizontal 
eddy currents do not interact with each other, the resulting secondary magnetic field is 
proportional to the soil conductivity (McNeill, 1980 Hossain et al. 2010). The net 
magnetic response sensed by the receiver coil (Figure 1.1) is then cumulatively 
dependent on the amount of current generated throughout the soil profile and  therefore 
represents an average conductivity over a particular measurement location  
The secondary field is measured by the receiver coil in parts per million (ppm) of 
the primary field and has two components, in-phase and quadrature. If the instrument 
operates under low induction numbers, the in-phase component depends upon the 
magnetic susceptibility, i.e. the earth’s ability to be magnetized, and the quadrature 
component, depends directly on the electrical conductivity. The induction number for a 
measurement is defined as the ratio of the instrument coil spacing to the measurement 
skin depth.  
 6 
 
Figure 1.1: Schematic of EMI: EM38 (Robinson et al. 2004) 
 









       
(3) 
where f is the measurement frequency in Hz, s is the transmitter/receiver coil spacing in 
meters, µo is the magnetic susceptibility in Henry’s/meter (4π x 10-7), and (Hs/Hp) q is the 
ppm quadrature value. This equation (Equation 3) established linear dependence of  on 
quadrature component of secondary magnetic field.  
 One of the most commonly utilized commercial sensors for soil surveying, also 
used in this study, is GEONICS EM38 manufactured by Geonics Limited, Ontario, 
Canada. The EM38-MK2 model provides simultaneous measurements of ground 
conductivity (Quadrature-Phase) and magnetic susceptibly (In-Phase) with two 
transmitter and receiver coil separations at 1.0 m and 0.5 m , for three effective depth 
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ranges : 1.5 m and 0.75 m in vertical dipole mode and 0.75 m and 0.38 m in horizontal 
dipole mode (EM38-MK2 Operating Manual).  
The depth sensitivity of EMI depends on the coil orientation, but generally falls off 
with depth such that the region near or just below the ground surface has the most 
influence on the observed value of  (McNeill, 1980). EM38 in horizontal dipole mode 
provide less depth of investigation however it is much more sensitive to the upper region 
of subsurface as most % of cumulative response is obtained from top 0.75 m of depth. On 
the hand, the vertical mode penetrates deeper and has more depth of investigation but the 
maximum sensitivity is achieved at about normalized depth of 0.4 times the coil 
separation. Figure 3 shows the sensitivity of instrument to the normalized depth and has 
been derived from McNeil (1980).  
 
Figure 1.2: Sensitivity vs. Normalized Depth for different dipole modes (Deidda et al. 
2003) 
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The normalized depth is defined as the depth measured in the units of distance 
between the two coils (Deidda et al. 2003) 
1.4 Thesis Objective and Overview  
The objective of this study is to evaluate whether repeated electromagnetic 
induction surveys can be utilized to relate spatio temporal variations in apparent electrical 
conductivity to field scale soil physical properties. 
Chapter 1 provides an introduction to electromagnetic induction, dependence of 
EMI based apparent conductivity values over various factors, and working principle of 
EMI based instruments. Chapter 2 studies the spatiotemporal variations in apparent 
conductivity for agricultural fields located in India in two different ways – a) changes 
occurring over monsoon rainfall, and b) changes occurring over a shorter time scale 
(daily). Chapter 3 assess whether the repeated apparent electrical conductivity 
measurement can be used to delineate potential management zones in the fields using 
statistical method of cluster analysis. Chapter 4 is based on a similar methodology as 
developed in Chapter 2 and 3, however for a different field site near Clemson University, 
SC where it was possible to measure various soil properties to support the interpretations 
for EMI data. Chapter 5 discusses the application of electromagnetic induction to 
characterize variation in water content and soil variability in a restored floodplain at a 
field site located near Madison, Wisconsin.  
 9 
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CHAPTER TWO 
DISCRIMINATION OF SOIL ZONES IN INDIAN AGRICULTURAL FIELDS  
USING TRASIENT EMI 
Abstract 
Sustainable water resources management requires tools to help farmers identify 
variations in soil hydraulic characteristics so that precision irrigation schemes can be 
developed to optimize water use. In this study we use electromagnetic induction (EMI) to 
evaluate whether changes in the apparent electrical conductivity ( ) of agricultural fields 
can be related to hydrologic processes acting over timescales representative of individual 
storm events and the Indian monsoon season for a watershed located near the village of 
Salri, Madhya Pradesh, India. We found that seasonal changes in water content are 
closely related to wetting and drying cycles in the watershed. Importantly, however, we 
also found that the specific way that apparent conductivity changes through time is 
dependent on location and is influenced by the distinct hydrologic processes occurring at 
the survey location. Subsequent studies were conducted for two individual rainfall events 
to evaluate whether daily changes in apparent conductivity can provide insights into the 
variability of hydraulic conductivity at the scale of individual agricultural fields. For one 
of the fields investigated, we found that  and changes in  over time both produced 
similar spatial patterns with distinct regions that had different hydraulic conductivity 
values. In contrast, a second field showed that  and changes in  produced 
significantly different spatial patterns. In this case, changes in  were found to produce a 
better relationship with hydraulic conductivity in the field than was obtained using  
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directly. This study shows that transient EMI mapping can be a useful tool for identifying 
changes in apparent electrical conductivity that are associated with variations in soil 
hydrology at scales ranging from individual fields to watersheds. 
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2.1 Introduction  
 Sustainable management of water resources can be aided by precision irrigation 
which aim to improve economic as well as environmental efficiencies by applying 
optimal inputs of water across a heterogeneous agricultural field. One approach to 
precision irrigation includes characterizing spatial and temporal variations of soil 
properties to delineate management zones within an agricultural field (Sadler, 2005). 
Suggested data for producing these soil zones includes topography, aerial photographs of 
crop canopy (Schepers, 2004), crop yield, and apparent electrical conductivity ( ) 
measurements (Li, 2008). A few studies have compared different approaches (Chang, 
2003; Hornung, 2006). Apparent electrical conductivity measurements have the distinct 
advantage that they are directly sensitive to conditions within a soil, rather than the soil 
surface, and can be readily performed over large areas using non-invasive 
electromagnetic induction (EMI) instruments. 
 Various studies have been performed to establish the use of electrical conductivity 
methods in agriculture. The value of σa is a well-known indicator of soil properties that 
has been used to infer spatial variations in texture, soil salinity, clay content, moisture 
content and cation exchange capacity (Corwin and Lesch, 2005; McNeill, 1980). While 
spatial mapping studies are fairly common, the dependence of  on physical, chemical, 
and hydrologic conditions makes it difficult to uniquely interpret these maps for a 
specific purpose, such as irrigation management. For example, an increase in electrical 
conductivity observed along a transect of a field could potentially be related to either an 
increase in water content or a change in soil mineralogy. In contrast, changes in electrical 
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conductivity over time at a particular location can be more readily attributed to the 
hydraulic behavior of the soil. 
 There are few studies in the literature that take into account the temporal 
variations of σa to improve soil zonation. Several recent studies have, however, 
performed repeated EMI surveys to study changes in soil moisture and characterize 
subsurface hydrologic dynamics to produce better soil maps (Zhu et al. 2010 (a), Zhu et 
al. 2010 (b)) and to interpret hydrological processes (Robinson, 2009). These studies 
have typically been performed on a time scale of months or years. At this time scale it is 
difficult to attribute changes in  explicitly to local soil hydraulics as temperature, 
salinity, and even changes in soil structure could significantly affect electrical 
measurements. Long-term water content variations are also more directly related to 
overall changes in storage than the hydraulic properties controlling short-term irrigation 
responses. If temporal variations are considered on a scale of hours and days, however, 
changes in electrical conductivity are likely to be dominated by soil moisture variations 
directly related to properties controlling a soil’s infiltration response. Hence, we suggest 
that short-term transient EMI data may be a highly effective tool in the field of precision 
irrigation. The primary goal of this work is to use EMI to map the subsurface of an 
agricultural field to study the spatiotemporal variations in  over time and evaluate 
whether the temporal changes can be correlated to soil hydraulic properties, specifically 





Archie’s law provides an empirical basis for understanding σa measurements of the 
subsurface. This relationship was initially proposed for saturated porous media, but was 
later extended to unsaturated media as: 
= ∗ ∗ ∗        (Equation 2.1) 
where, a is a soil-specific empirical constant,  is the electrical conductivity of the 
pore fluid,  is porosity, and S is water saturation. The exponents in Archie’s law are 
related to connectivity of the electrically conductive phase in the soil, with the saturation 
exponent (d) taking values close to 2 for unconsolidated sand and the cementation 
exponent (m) reported to vary from 1.2 – 4.0 (Friedman, 2005). Archie’s law is often 
modified to include a term accounting for the surface conductivity of clay minerals 
(Lesmes et al. 2005; Khalil et al. 2009; Regberg et al. 2011) or alternate conductive 
pathways through the medium, as in the dual-pathway model (Farahani et al. 2004; 
Corwin and Lesch, 2003). From Archie’s law it is clear that changes in soil saturation, 
i.e., water content, are a primary factor controlling  at any particular location, but that 
the relationship between water content and could vary dramatically across a field due 
variability in porosity, soil structure, and mineralogy. Changes in 	are therefore 
primarily sensitive to variations in water content over time, as well as potential variations 
in .  
 EMI sensors have been shown to be effective tools for non-invasively mapping 
distributions of over large areas (Corwin 2005). The measurement operates by passing 
an alternating current through the instrument’s transmitter coil that produces a magnetic 
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field which induces eddy currents in the subsurface. If the induced horizontal eddy 
currents do not interact with each other, the resulting secondary magnetic field is 
proportional to the soil conductivity (McNeill, 1980 Hossain, 2010). The net magnetic 
response sensed by the receiver coil is then cumulatively dependent on the amount of 
current generated throughout the soil profile and  therefore represents an average 
conductivity over a particular measurement location. The depth sensitivity of EMI 
depends on the coil orientation, but generally falls off with depth such that the region 
near or just below the ground surface has the most influence on the observed value of  
(McNeill, 1980).  
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2.3 Materials and Methods 
 The study was performed in a small watershed located near the village of 
Salri, Shajapur District, Madhya Pradesh, India (23.7° N, 76.1° E). The watershed has a 
number of small fields owned by the villagers who depend on agriculture for their 
livelihood. The specific fields used in this study are shown in Figure 2.1 and were 
selected based on farmer comments about variability of irrigation effectiveness within 
each field, particularly qualitative observations about zones of water logging and 




Figure 2.1: Approximate location of Salri Watershed and position of different fields 
within the watershed. 
 
Long-term trends in water content were evaluated for three fields (09-A, 09-B, 
and 09-C) mapped over the monsoon season from May-September of 2009, with the date 
that each EMI survey was performed given in Table 2.1. The three fields represent two 
distinctly different soils in the watershed; i.e., field 09-A was located at the top of a hill 
slope (about 472m above sea level) and has a much coarser soil texture than fields 09-B 
and 09-C, which were located in the floodplain (456m and 467m above sea level, 
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respectively) and were qualitatively observed to have a much higher fraction of fines and 
clay. 
Table 2.1: EMI survey dates for fields mapped in 2009.  
 Field 
Date A B C 
May 31 X   
June 1 X X X 
June 30 X   
July 4  X X 
July 28 X X X 
Aug. 13  X X 
Aug. 19  X  
Aug. 29 X X  
Sept. 18 X X X 
 
Table 2.2: EMI survey dates for fields mapped in 2010. Dates of two rainfall events 





Nov. 26 X  
Nov. 27 Heavy Rain 
Nov. 28 X  
Nov. 29  X 
Nov. 30 X X 
Dec. 1 Light Rain 
Dec. 2 X X 
 
Short-term monitoring studies were conducted using daily surveys (Table 2.2) 
completed over two additional fields (10-A and 10-B); these fields are different from 
those mapped in the 2009 studies for logistical reasons. Both of the fields are in lowland 
regions of the watershed though field 10-A is located on a terrace immediately above the 
floodplain of the main stream in the watershed, whereas field 10-B is directly adjacent to 
the stream. 
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The EMI surveys were performed using an EM38-MK2 (Geonics) instrument 
with a 0.5 and 1.0m spacing between the transmitter and receiver coils, providing  
measurements over effective depth ranges of approximately 0.75 and 1.5m or 0.38 and 
0.75m with the instrument in vertical or horizontal dipole mode, respectively. The 
vertical dipole mode was used for the surveys evaluating long-term changes over the 
2009 monsoon, whereas the horizontal dipole mode was used for the daily surveys in 
2010 to provide greater sensitivity to the near-surface region where short-term changes in 
water content were expected to be more significant. A consumer-grade GPS (Garmin 
GPS 72 H) was used to provide georeferenced  measurements and flags were used to 
mark the survey lines to ensure that transects were repeated accurately for daily surveys 
in 2010.  
A weather station (Onset HOBO, Model #S-RGB-M002) installed in the 
watershed recorded the cumulative rainfall and air temperature in 15 minute intervals. 
Soil moisture probes (EC-5, Decagon Devices) were installed in northeastern corner of 
field 09-B at depths of 16 and 70cm to monitor seasonal changes in soil moisture storage. 
In the 2010 studies, in-situ soil hydraulic properties of field 10-A and 10-B were 
investigated using a minidisk tension infiltrometer (Decagon Devices, Part Number 
40300), which can provide information on cumulative infiltration and hydraulic 
conductivity. Infiltration tests were done at two locations in field 10-A and eight 
locations in field 10-B as shown in Figure 2.5. 
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2.4 Analysis and Findings 
2.4.1 2009 EMI Surveys: Seasonal Conductivity Responses  
The apparent conductivity patterns mapped over fields 09-A, 09-B, and 09–C 
throughout the monsoon season are shown in Figure 2.2 (as differences from the mean 
apparent conductivity , i.e., ∗ =  – ) with histograms of  for each survey 
shown in Figure 2.3. A standard linear conversion was used to estimate the apparent 
electrical conductivity from the quadrature response of the measured secondary magnetic 
field (McNeill, 1980). This conversion produced negative apparent conductivity values 
for the first two surveys, however, which could have been caused by performing the 
instrument calibration over a region of the field that had a higher conductivity than 
average for the field or if the ground conductivity at the site was very low (personal 
communication: Mike Catalano, Geonics). It is therefore not possible to make a 
quantitative evaluation of conductivity at these times, but the negative values are 
consistent with the fact that the soil was initially very dry as is also indicated by the soil 
moisture probes. We therefore include the data at these times to qualitatively assess 
patterns of behavior in the watershed.  
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Figure 2.2: Apparent conductivity maps for the fields studied in 2009; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 




Figure 2.3: Histograms of apparent conductivity in each field for EMI surveys conducted 
in 2009.  
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The seasonal sensitivity of apparent conductivity to increases in water content 
caused by monsoonal rainfall is apparent in Figure 2.4. The conductivity increases as the 
watershed begins to saturate once the monsoon rains begin in May, particularly for the 
fields in the lowlands (09-B and 09-C). Though EMI surveys are not available for the 
lowland fields between June 1 and July 4, there is a clear increase in  between these 
dates. This change is consistent with the large jump in water content observed at the 
moisture probe buried at a depth of 16cm after 33mm of rainfall fell on July 3, which was 
a very significant event considering that this storm contributed the equivalent of 50% of 
the cumulative rainfall since the start of monsoon on a single day. It is not clear, 
however, whether the change in  is a result of that event or representative of a longer 
term wetting trend given that the field in the uplands had shown a significant increase in 
conductivity by June 30. This increase in conductivity could be correlated with the 
cumulative rainfall of ~20 mm that occurred six days previous to the mapping on June 
30. Note that a similar jump in water content is not observed for the moisture probes 
buried at 70cm until after a major rainfall event occurring on July 16, which produced 
75mm of rain over a period of 2 hours (i.e., ~10% of 716mm of total rainfall occurring 
between May, 2009 and May, 2010).  
High conductivity values prevailed throughout the watershed in the month of July. 
A significant decrease in conductivity occurred, however, for fields 09-B and 09-C 
between the surveys conducted on July 27 and August 13. This decrease is consistent 
with drying of the soils observed by both moisture probes for the period from July 26-
August 11, during which there was no rainfall except for a 1.3mm event on August 6. 
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Data are not available from August 13 to evaluate the response of field 09-A to this 
drying event. 
 
Figure 2.4: Gross effect of 2009 monsoonal rainfall on water content observed in field 
09-B and the apparent conductivity of field 09-A, 09-B, and 09-C. The shaded region 
indicates the period of drying discussed in the text.  
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It is possible, however, to compare the results of the EMI surveys conducted 
before and after the large amount of rainfall that occurred throughout the month of July 
(Table 2.3). The lowland fields both had large increases in electrical conductivity 
between July 4 and July 28; the average apparent conductivity rose by 10.8mS/m in field 
09-B and by 21.2mS/m in field 09-C. In contrast, only a 1.8mS/m increase was observed 
in field 09-A over essentially the same period of time, i.e., between June 30 and July 28. 
The difference in response suggests that soil moisture values change very fast in the 
uplands, which is consistent with conceptual watershed models that enforce a topographic 
influence on hydrologic responses (Beven, 1979). The owner reported that field 09-A had 
a poor crop yield and it was observed to have coarse soils containing gravel, which 
further support the idea that the uplands area drains faster than the fine-grained lowlands. 
Notably, the EMI mapping of field 09-A performed on Aug.29 captured an increase in 
conductivity of 12.8mS/m, whereas there was virtually no difference in mean 
conductivity observed for field 09-B over the same period. In this case, however, an 
event delivering 52.8mm of rainfall occurred on August 28 with another 34.0mm of rain 
occurring after the survey was completed on August 29, thus there was little time for the 
soil to drain despite the fact that it is coarse. In contrast, there was a gap of over 4 days 
between the substantial 124.3mm of rainfall that occurred on July 21-23 and the survey 
conducted on July 28, giving the upland field time to drain and show little response. 
Presumably the cause for the lack of change for the lowland field (09-B) between July 28 
and August 29 is somewhat complex, given that the mean conductivity of this field 
reaches to lowest observed value during monsoon on Aug 13, followed by a peak value 
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of 53.0mS/m on August 18, i.e., about 5mS/m higher than the values observed on July 28 
and 29.  
Table 2.3: Mean apparent electrical conductivity and within field standard deviation 
(σ ±SD) for 2009 surveys conducted with the one meter coil spacing (in mS/m). 
 
Date Field 09-A Field 09-B Field 09-C 
May 31 -12.4 ± 2.1 N/A N/A 
June 1 -5.3 ± 2.1 16.6 ± 5.8 -8.2 ± 4.0 
June30 5.0 ± 2.0 N/A N/A 
July 4 N/A 37.0 ± 8.7 17.4 ± 4.1 
July 28  6.8 ± 4.0 47.8 ± 17.9 38.6 ± 10.5 
Aug. 13 N/A 21.7 ± 12.5 29.3 ± 11.1 
Aug. 18 N/A 53.0 ± 15.0 N/A 
Aug. 29 19.6 ± 3.0 47.7 ± 16.9 N/A 
Sept. 18  7.7 ± 3.0 36.4 ± 17.4 24.4 ± 10.5 
 
While both of the lowland fields exhibit a decrease in conductivity during the dry 
period between the surveys of July 29 and August 13, they show contradictory behaviors 
between the surveys of August 13 and August 18. During this five day period, there was a 
total of 48.0mm of rainfall, of which 36.0mm occurred on August 13 after the EMI 
surveys were conducted. Over the same period of time the average apparent conductivity 
of field 09-B increased by 31.3mS/m, whereas that of field 09-C decreased by 4.9mS/m. 
The large increase in conductivity of field 09-B is consistent with the spike in water 
content observed by the moisture probe located at 16cm depth in this field. Our 
interpretation of the conflicting EMI response between field 09-B and 09-C for this event 
is related to their position in the watershed. While both fields are located in the 
floodplain, field 09-B is much further downstream in the watershed. As a result, the 
elevation of field 09-B is about 11m lower than that for field 09-C. Field 09-C is also 
located immediately above the confluence of the two main tributaries in the watershed 
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and directly downstream of a dam that captures a significant portion of the upstream 
rainfall (Oblinger et al., 2010). As a result, field 09-C is affected primarily by local soil 
drainage so there was time for the soil to dry over the five days between the precipitation 
event and the EMI survey. In contrast, we expect that the response at field 09-B 
represents the influence of drainage from the entire watershed, thus causing a large 
response in both  and water content despite the fact that the amount of rainfall 
occurring over this five day period was somewhat modest. While it is clear from Figure 4 
that the general trends of  are related to rainfall patterns at all of the fields, the details 
of the EMI response are clearly related to the complexity of interacting hydrologic 
processes at the large scale. 
The influence of hydrologic variability can also be observed at the scale of an 
individual field. It is clear from Figure 2.2 that the spatial patterns of  within any one 
field vary throughout the year as regions of the soil differentially wet and dry. This within 
field variability can also be inferred from the increasing standard deviation of  for each 
survey in Table 2.3, as well as changes in the width of the histograms in Figure 2.3. 
Importantly, the histograms are not simply shifted to higher or lower conductivity values 
as the watershed wets and dries; changes in the shape of the histograms imply that 
different regions of the field respond faster or slower than others. For example, the soil is 
very dry prior to monsoon, so the water content variability is minimal despite the fact that 
significant textural differences may exist within a field. During the monsoon coarse-
grained materials will drain quickly, whereas fine-grained materials will preferentially 
retain water, thereby increasing the variability in water content and . Changes in EMI 
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response are therefore closely tied to the dynamics of the soil. The evolution of spatial 
patterns in  over time can be observed in Figure 2.2. Since the rainfall is applied 
approximately uniformly over the scale of these individual fields, the implication is that 
transient EMI is sensitive to the subsurface processes controlling soil water content, such 
as variability in soil hydraulic properties. There are a large number of factors that can 
affect water content distributions over seasonal time scales, however, including 
significant changes in the depth to the water table. Studies with shorter timescales, such 
as monitoring response to a single rainfall event, are therefore more appropriate for 
evaluating whether EMI can discriminate soil zones associated with variability in soil 
hydraulic properties.  
2.4.2 2010 EMI Surveys: Short-term Conductivity Responses to Rainfall  
 The results from the previous seasonal study suggested that transient EMI 
mapping at a timescale of individual events could be useful for investigating changes in 
water content controlled by soil hydraulic properties. Additional surveys were therefore 
performed over a period of a week in the winter of 2010 for fields 10-A and 10-B (Fig. 
2.5), which are representative of agricultural areas in the lowlands. Four surveys were 
conducted in field 10-A, which captured the apparent conductivity before and after a 
heavy rainfall event on November 27 and a light rainfall event that subsequently occurred 
on December 1 (Table 2.2). Three surveys were conducted in field 10-B, two of which 
capture the redistribution of water in the soil after the Nov.27 storm, whereas the third 




Figure 2.5: Apparent conductivity maps for the fields studied in 2010; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 
spatial patterns over time in each field using a constant color scale. The inset map shows 




 The resulting apparent electrical conductivity maps are shown in Figure 2.5 and 
trends in the mean apparent conductivity response of each field can be seen in Table 2.4. 
The average field response follows similar trends as the seasonal response discussed 
earlier; an increase in the mean apparent conductivity of the fields is observed as a result 
of individual rainfall events. In field 10-A there is also a decrease in mean conductivity 
between the Nov.28 and Nov.30 surveys, suggesting a net decrease in water content for 
this field. In contrast, the repeat surveys conducted on Nov.29 and Nov.30 in field 10-B 
indicate an increase in mean apparent conductivity. The most likely cause of this increase 
over the period of one day is redistribution of water within the soil. Other factors such as 
changes in pore fluid salinity or soil temperature could also be at play, though the average 
ambient air temperature varied at most by 3oC between any two surveys and generally 
declined over the week. 
Table 2.4: Mean apparent electrical conductivity and within field standard deviation 
(σ ±SD) for EMI surveys conducted in 2010 using the 1m and 0.5m coil spacing. 
 
Date Mean Apparent Electrical Conductivity (mS/m) and Standard 
Deviation ( ±SD) 
 Field 10-A Field 10-B 
1m coil spacing  0.5m coil 
spacing 
1m coil spacing 0.5m coil 
spacing 
Nov.26 37.1 ± 11.6 28.6 ± 8.1 N/A N/A 
Nov.27 Heavy Rain 
Nov.28 42.8 ± 13.1 38.1 ± 10.1 N/A N/A 
Nov.29 N/A N/A 25.2 ± 11.3 18.0 ± 7.9 
Nov.30 38.2 ± 11.2 28.3 ± 7.6 31.1 ± 11.2 23.2 ± 8.2 
Dec.1 Light Rain 
Dec.2 43.0 ±12.3 31.1 ± 9.0 32.8 ± 10.9 27.3 ± 7.7 
 
 Despite shifts in the mean apparent conductivity of each field, the overall patterns 
observed in the  maps in Figure 2.5 are relatively stable over time. In both fields there 
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is clearly a distinct zone of high and low apparent conductivity that was qualitatively 
related to textural variations of the soil. For example, a stream channel ran along the 
southeast side of field 10-B, which is also the area where coarse sediments were observed 
and apparent conductivity values are lowest. Despite the gross similarity between the  
maps on each day, detailed examination of these images shows that the conductivity 
changes are not uniform across the field. As a result, changes in conductivity could reveal 
details about how soils in different areas of the fields differentially respond to the rainfall. 
 In order to compare the field over time, the field geometry was subdivided into a 
grid of smaller blocks. The measured  values shown in Figure 2.5 were then linearly 
interpolated to obtain the average apparent conductivity for each grid block. This method 
of interpolation enabled us to have collocated data values to evaluate temporal variations.  
The temporal data analysis was performed by determining the changes in 
conductivities for different days. The difference maps are shown in Figure 2.6 and 
provide insights into how  responded differently to the rainfall events across the fields. 
For example, the difference in  between surveys performed in field 10-A before and 
after the rainfall event on Nov.27 (i.e.,  observed on Nov.28 minus that observed on 
Nov.26) were found to be positive, which shows that overall the electrical conductivity of 
the field increased after the rain event. The eastern region of the field showed a greater 
increase , however, than the western region. Likewise, the negative changes in  for 
this field between Nov.28 and 30 are consistent with drying of the soil. As before, 




Figure 2.6: Changes in apparent conductivity for field 10-A and 10-B. Differences were 
calculated for the survey dates as indicated above each map. The black dots in field 10-B 
indicate the locations of the infiltration tests performed in this field.  
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An infiltration test was performed in the eastern and western portions of the field 
(Fig. 2.7) using a mini-disk tension infiltrometer. The results show that infiltration 
occurred much more slowly on the eastern side of the field than the western side, with 
hydraulic conductivity values estimated from the test of 2.1 and 6.9 cm/hr, respectively. 
The slower response in the east is consistent with the conductivity changes observed in 
the EMI surveys. The slower draining soils in the east are likely to retain soil moisture 
longer than the coarser, fast draining soils in the west. As a result, the water from the 
rainfall occurring on Nov.27 had not yet percolated through the soil by the time of the 
EMI survey conducted on Nov.28, causing a large increase in . In contrast, the soils 
had already finished draining in the western portion of the field, so a much smaller 
increase in  was observed. Similarly, by the survey on Nov.30 the stored water was 
also lost from the eastern portion of the field by infiltration and evapotranspiration, 
thereby producing the large observed decrease in  in this area. It is interesting to note 
that the spatial patterns of  (Fig. 2.5) and the conductivity differences (Fig. 2.6) are 
similar in this field, suggesting that textural controls dominate both the mineralogical 
properties of the soil, which are expected to have a strong effect on , and the soil 
hydraulic properties, which control the conductivity changes over time.  
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Figure 2.7: Cumulative infiltration observed during the infiltrometer tests conducted in 
field 10-A (left) and 10-B (right).  
 
A different situation is observed for field 10-B. In this case, the  values suggest 
that the field can again be roughly divided into a high and low conductivity region. The 
conductivity difference maps in Figure 2.6, however, clearly show much more complex 
patterns within the field. The difference in response between  versus the change in  
implies that there are different controls on these two variables for this field. It is likely 
that the change in apparent conductivity is controlled by water content variations that are 
dependent on hydrologic processes over time. The absolute conductivity is probably 
dominated by other factors which do not change significantly over time, such as soil 
mineralogy, to produce the stable patterns of  observed in Figure 2.5. The discrepancy 
between the patterns in the maps implies that  is not a good indicator for zonation 
within a field for the purpose of irrigation management. 
To explore the value of absolute versus differential conductivity measurements 
further, we performed eight infiltration tests at the locations indicated in Figures 2.5 and 
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2.6. The cumulative infiltration results are given in Figure 2.7 and the hydraulic 
conductivity values estimated (Appendix A) from these tests are given in Table 2.5.  
Table 2.5: Hydraulic conductivity values estimated from infiltration tests in field 10-B. 











The infiltration tests indicate that there is some variability in soil hydraulic 
properties across the field. Figure 2.8a and 2.8b shows, however, that there is not a clear 
relationship between hydraulic conductivity and the observed , for either coil spacing 
on any of the survey days. In contrast, there appears to be a much stronger relationship 
between hydraulic conductivity and the observed changes in , with the exception of the 
hydraulic conductivity value observed at location 5. It is not clear why the particular 
associations observed occur between hydraulic conductivity and changes in apparent 
conductivity and given the available data we would simply be speculating as to why 
certain increases or decreases observed over particular periods of time. What this analysis 
does provide, however, is an indication that there may be more value in using changes in 
apparent conductivity to estimate soil hydraulic properties than using  itself and that 
more studies should be made to investigate these relationships.  
 36
 
Figure 2.8: A poor relationship is observed between the value of apparent conductivity 
and hydraulic conductivity estimated from the infiltration tests; the mean of each survey 
was subtracted to remove constant offsets in conductivity that occurred between each 
survey (upper figures). A stronger relationship with hydraulic conductivity appears to 




We performed EMI mapping studies over five agricultural fields in India to 
investigate changes in apparent electrical conductivity over timescales representative of 
individual rainfall events and seasonal variations associated with monsoon. Variations in 
electrical conductivity measurements performed over a monthly time scale qualitatively 
showed a good seasonal relationship with rainfall. Lower  values were prevalent at the 
end of the dry season, increased during the rainy season, and then again decreased as the 
rains stopped. The specific  changes observed over time were found to be dependent on 
location within the watershed and were interpreted to be associated with different 
hydrologic processes acting in those areas. In addition to the observed changes in average 
conductivity, the spatial patterns of  within individual fields were also found to change 
subtly throughout the monsoon, suggesting that even at the local field scale EMI can 
detect variations in hydrologic properties.  
The daily surveys performed to evaluate the impact of individual rainfall events 
showed a similar gross behavior as the seasonal data; rainfall generally caused an overall 
increase in the average conductivity of the fields. However, we also found that by 
differencing  maps produced by EMI surveys on different days, it is possible to reveal 
additional information about soil variability. For one field we studied we found that both 
the value of  and the change in  can provide insight to variability in soil hydraulic 
properties. In a second field, however, we found that  and changes in  produced very 
different spatial patterns with the change maps providing a seemingly better relationship 
with the hydraulic conductivity of the soil. Though further transient EMI studies are 
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needed, we suggest that changes in apparent conductivity can provide valuable insights 
into the variations in soil hydraulic properties at both the field and watershed scale. 
Transient EMI mapping could be used as a tool for improving water resource 
sustainability through improved management of irrigation. 
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CHAPTER THREE 
DELINEATION OF SOIL MANAGEMENT ZONES USING CLUSTER ANALYSIS 
ON ELECTRICAL CONDUCTIVITY VALUES MEASURED USING EMI 
Abstract: 
Site specific management of agricultural fields forms the basis of precision 
agriculture. It involves identification and delineation of management zones based on 
various soil properties. The aim of this study is to evaluate whether apparent electrical 
conductivity values obtained from electromagnetic induction surveys can be utilized to 
delineate management zones using a cluster analysis approach. Two agricultural fields in 
mid-western India were selected for this purpose and were repeatedly mapped using 
Geonics EM38-MK2 instrument over an irrigation event. Exploratory data analysis 
performed for the data suggested that one of the fields was drying out differently 
throughout. The spatial, temporal and spatio-temporal electrical conductivity data was 
analyzed by fitting a Gaussian Mixture Model. The optimum number of components into 
which conductivity data can be clustered was statistically found to be two using mean 
silhouette values. The clusters obtained using electrical conductivity data, when plotted 
on a spatial map showed a trend which aligned with different soil textures observed in the 
field qualitatively. The temporal data was able to identify zones within the field showing 
greater changes in apparent electrical conductivity as compared to rest of the field. This 
study showed that the cluster analysis can be successfully utilized as a tool discriminate 
zones within the agricultural fields based on electrical conductivity values.  
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3.1 Introduction: 
Precision agriculture involves identification and delineation of zones within an 
agricultural field with similar characteristics. These zones can be managed in different 
ways by farmers or field-managers and help to optimize application of resources like 
water, fertilizers or pesticides. Different methods have been used to define management 
zones relying on spatial and temporal patterns in data like crop yield (Lark, 1998; Brock 
et al. 2005; Schepers et al. 2004) and soil fertility (Wang et al 2009; Ortega et al 2007). 
However, such discrimination of zones is often difficult due to complex interactions 
between various factors affecting these data (Fridgen et al. 2004). As the yield is directly 
related to soil physical properties (Ortega et al. 2007), soil acts as a good surrogate for 
discrimination of zones for crop management. 
One such method involves Electromagnetic Induction (EMI) based measurement 
of apparent electrical conductivity (  ). Spatial variations in  has been proved to be 
an effective way to delineate distinct zones which have different physical, chemical and 
biological soil conditions (Johnson et al , 2001). Apparent soil electrical conductivity has 
also been used along with a combination of other properties like topography and soil 
texture (Fraisse et al. 2001; Ferguson et al. 2003; Hedley et al. 2004; Vitharana et al. 
2008; Morari et al. 2009). For example, software such as ‘Management Zone Analyst’ 
has been developed to perform subfield management zone classification based on soil 
electrical conductivity, elevation, and slope (Fridgen et al. 2004). 
 EMI is widely used for the purpose of delineation because it provides a quick, 
non-invasive and cost effective method for measuring apparent electrical conductivity 
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( ) of the subsurface. It can be used as an indicator of various soil properties due to 
dependence of  on soil salinity, clay content, moisture content (Kachanoski et al. 
1990), temperature and cation exchange capacity (McNeill, 1980; Corwin and Lesch, 
2005). As  is a cumulative indicator of various soil physical properties, spatial 
variations in  can be utilized to delineate zones which attribute to the spatial patterns of 
soil physical properties within the field like textural patterns, soil moisture content, etc.  
Even though spatial mapping studies are widely used, the dependence of  on 
multiple physical, chemical, and hydrologic conditions makes it difficult to be used for a 
specific purpose, such as irrigation management. Recently studies have been performed 
which take into account the temporal variations of σa to improve soil zonation. Repeated 
EMI surveys have been performed to study changes in soil moisture and characterize 
subsurface hydrologic dynamics to produce better soil maps (Zhu et al. 2010 (a), Zhu et 
al. 2010 (b)) and to interpret hydrological processes (Robinson et al. 2009). Spatio-
temporal variations in bulk soil electrical conductivity have been utilized, for site-specific 
management in coastal region of Zhejiang Province, China, to divide the site into three 
potential management zones (Li et al. 2007). We hypothesize that if repeated EMI 
surveys are performed over a short period of over an irrigation/ rain event, the  data 
can serve as an indicator of rate of change of soil moisture within the agricultural field. 
As over a short time scale of hours and days changes in electrical conductivity are likely 
to be dominated by soil moisture variations. As the soil moisture is a critical criterion for 
any sort of vegetation growth, we hypothesize that transient  data can be utilized for 
precision irrigation; over the short time scale the soil texture, soil salinity will not change 
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and the only factor contributing to the change in 	will be soil moisture, fluid 
conductivity and temperature.  
The objective of the study is to utilize repeated EMI based  data collected over 
agricultural fields in a small watershed located in Shajapur district, Madhya Pradesh, 
India to capture the spatio-temporal variations in using cluster analysis and to delineate 
the zones behaving distinctly to an irrigation event. The data thus obtained for different 
surveys will be analyzed to identify the regions behaving distinctly. Cluster Analysis 
algorithms will be utilized for the present study to delineate management zones.  
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3.2 Background 
3.2.1 Cluster Analysis:  
Cluster analysis is classification of data observations into different groups in such 
a way that observations assigned in one group are similar to each other but are different 
from the observations from the another group. There are various techniques of cluster 
analysis which have been utilized in the field of precision agriculture including k means 
(Fraisse et al. 2001), fuzzy c-means (Moral et al. 2010; Jiang et al. 2011) and Gaussian 
mixture model based clustering (Figueiredo et al. 2002). 
The methodology to delineate these management zones involves statistical 
methods like Principal component analysis (PCA). The PCA helps in reducing the 
dimensionality of problems and identify significant vs. insignificant variables. After the 
significant variables are identified, the second step involves cluster analysis in which 
unsupervised classification is performed using significant variables to obtain potential 
management zones (Fraisse et al. 2001; Li et al 2007). 
The k means clustering is a center based clustering method, where the data is 
classified into user specified k clusters using an algorithm based on squared error 
criterion (Jain et al. 1999). The algorithm starts by assigning data points by a random 
guess and improves this guess by minimizing the intra-cluster distance and maximizing 
the inter cluster distances. (Jain et al. 1999). 
Gaussian mixture models (GMM) provide a tool to identify natural groups in the 
apparent electrical conductivity data and quantify the degree of membership of each 
observation in these groups. This method estimates the probability distribution function 
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for a specified number of groups (M) and then performs classification based on Bayes’ 
theorem and the Expectation-Maximization algorithm. The advantage of GMM over k-
means is the fact that GMM is a soft-clustering method. A soft clustering method allows 
a data point to belong to more than one cluster at a time and assigns a degree of 
membership for each cluster. This degree of membership in case of GMM associated 
with the probability of that a point to belong to a given cluster.  
As explained by Lee et al (2006), “A Gaussian mixture density is defined by a 
weighted linear combination of M component densities as  
( 	| ) = ( 	) 
Where,  
[ 	 = vector containing data based on which clustering is to be performed. In this study, 
the data will consist of conductivity values or difference in conductivity values depending 
on the type of analysis. ] 
The component densities ( 	) are defined by multivariate Gaussian function 
given as: 
( 	) = 	
1
(2 ) / |∑ | /
	 −
1
2 ( − ) ( − )  
Where,  
 = mean vector for i-th component 
∑ 	= covariance matrix for i-th component 
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 = weight of individual components. The mixture weights satisfy the 
constraint∑ = 1.” 
The GMM clustering is performed using Expectation Maximization algorithm. In 
the Expectation (E) -Step, the probability is estimated that each point belongs to each 
cluster for initial values of ∑ 	and . In the Maximization (M) -step, the likelihood, i.e., 
( 	| ) , is maximized by modifying the parameters ∑ 	and . The Expectation 
Maximization algorithm, however, may converge at a local optimum value which may 
yield different results depending on initial parameter values. To overcome this problem, 
the algorithm is initialized by a random guess of parameters and allowed to run multiple 
times to obtain the best fit (Hamerly et al. 2002). 
3.2.2 Silhouette Index 
In case of precision agriculture, the optimum number of zones within the field, 
i.e., number of clusters into which the field is categorized, is user defined. However, in 
this study we have utilized a statistical method to obtain optimum number of clusters 
using the Silhouette statistic. This methodology was proposed by Kaufman and 
Rousseeuw in 1990 to estimate the optimum number of clusters in the data (Yan, 2005; 
Sugar et al 2003).  
The silhouette index is calculated as  
( ) = 	
( )− ( )
max	[ ( ), ( )] 
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where, a (i) = average distance between i-th point and all other observations within the 
cluster to which the point is assigned, and b (i) = average distance between the i-th points 
and points belonging to the nearest cluster. 
The silhouette index is basically measure of how correctly each observation has 
been assigned to the clusters. The silhouette value is calculated for each point which is 
being clustered. The silhouette values vary from -1 to 1, with the values closer to 1 
indicates that the particular point has been correctly assigned in that cluster. However, 
values closer to -1 shows that the point has wrongly been assigned in that cluster. In order 
to find the optimum number of clusters, mean of ( ) is calculated for all the data points. 
For different number of clusters, the number of clusters that yields the maximum mean 
silhouette index value is the optimum number of clusters.  
3.2.3 Principal Component Analysis 
The principal component analysis performs a transformation on data matrix such 
that p – correlated variables transformed into q – uncorrelated variables. These variables 
are called principal components. The transformation performed is such that the maximum 
variability of the original data set is explained by the first components. The rest of the 
variability is captured by other variables. 
To perform PCA, if p – variables are present in a data set, a variance –covariance 
matrix Σ is computed for the data set. For the variance covariance matrix Σ, p eigen 
values and p eigen vectors are obtained. The eigen vectors are mutually orthogonal and 
thus uncorrelated with each other. If the eigen vectors are multiplied with the original 
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data set, they provide the principal component scores which are the projection of original 
data set (Davis, 2002). 
For example, Moral et al. (2010) utilized geo-referenced apparent electrical 
conductivity measurements obtained at two depths using a commercial electrical 
conductivity sensor along with the soil texture variables (clay, coarse sand and fine sand) 
to delineate management zones in a 33 ha farm in southwestern Spain. Using principal 
component analysis, they found that only electrical conductivity from deeper depths and 
the soil clay fraction were the main source of variability with in the data. Fuzzy c means 
clustering was then utilized to classify the soils into two groups. One class having low 
electrical conductivity values was found to have lower clay content.  
Jiang et al (2011) used a similar concept for delineating irrigation management 
zones using four soil physical properties, namely field moisture capacity, saturated 
moisture content, wilting point and soil dry bulk density as the data source. PCA helped 
to summarize the information of all four properties into two dimensional indexes. The 
cluster analysis was performed using those indexes to delineate two irrigation 
management zones using Management Zone Analyst Software which works on fuzzy c 
mean clustering (Jiang et al. 2011).  
Similarly, Morari et al (2009) delineated three potential management zones within 
a gravelly vineyard using fuzzy c mean classification. They utilized electrical 
conductivity collected using Geonics EM38DD, electrical resistive tomography and soil 
particle size distribution to attain such classification.  
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All the above experiments utilized EMI based conductivity values to delineate 
management zones effectively. 
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3.3 Site Description and Data Collection 
3.3.1 Site Location: 
The study was performed in 2010 for agricultural fields in a small watershed in 
mid-west India, near Salri, Shajapur District, Madhya Pradesh (Figure 3.1). The 
approximate geographic coordinates of the study were 23.7° N and 76.1° E. The 
watershed has a number of small agricultural fields owned by the people living in Salri 
who depend on agriculture as their livelihood.  
 
Figure 3.1: Approximate location of Salri Watershed and position of different fields 
within the watershed. 
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Two fields (10-A and 10-B) were repeatedly surveyed over a week which included 
a rainfall event. Selection of fields took into account the information received from 
farmers including frequency of irrigation and whether parts of a field are water logged or 
have a different yield. The selected fields are located in lowland regions of the watershed. 
Field 10-A is located on a terrace immediately above the floodplain of the main stream in 
the watershed, whereas field 10-B is directly adjacent to the stream. Visual inspection of 
both fields shows the presence of two different soil textures. In field 10-A, the coarser 
texture is present in the northern part of the field while finer texture at the southern end. 
Field 10-B showed coarser texture near the stream in south-east direction and are 
expected to decrease from south-east to north-west direction within the field.  
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3.3.2 Data Collection: 
The EMI surveys were performed within the watershed on the selected 
agricultural fields on the dates given in Table 3.1. Four surveys performed in field 10-A 
captured the apparent conductivity before and after a heavy rainfall event on November 
27 and a light rainfall event that subsequently occurred on December 1 (Table 3.1). 
Table 3.1: EMI survey dates for fields mapped in 2010. Dates of two rainfall events 
during the week of the surveys are also noted.  
Date Field 10-A Field 10-B 
Nov. 26 X  
Nov. 27 Heavy Rain 
Nov. 28 X  
Nov. 29  X 
Nov. 30 X X 
Dec. 1 Light Rain 
Dec. 2 X X 
 
Three surveys were conducted in field 10-B, two of which capture the 
redistribution of water in the soil after the Nov.27 storm, whereas the third captured the 
soil response to the second rainfall event. Geo-referenced  measurements were 
obtained using a ground conductivity meter EM38-MK2 (Geonics Limited, Ontario, 
Canada). The EM38-MK2 provides simultaneous measurements of ground conductivity 
(Quadrature-Phase) and magnetic susceptibly (In-Phase) with two transmitter and 
receiver coil separation at 1.0 m and 0.5 m , for three effective depth ranges : 1.5 m and 
0.75 m in vertical dipole mode and 0.75 m and 0.38 m in horizontal dipole mode (EM38-
MK2 Operating Manual). The EM38 data was collected in horizontal mode for all the 
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surveys to provide greater sensitivity to the near-surface region where short-term changes 
in water content were expected to be more significant. 
3.3.3 Data Nomenclature: 
The EMI data collected for each survey results in two apparent conductivity 
values: conductivity at one meter coil spacing and conductivity at half meter coil spacing. 
In order to represent conductivity values, a generalized notation ( , )  has been used in 
this paper to clearly represent different conductivity values for different fields, coil 
spacing and day of survey. Here , ‘x’ represents fields 10-A or 10-B; ‘y’ represents 
conductivity values 1 for one meter coil spacing and 0.5 for half meter coil spacing; and 
‘z’ represents the day on which the survey were performed. For instance (10−
, 1) 	  represents the conductivity values for Field 10-A at one meter coil spacing 
collected on November 26, 2010.The conductivity values are stored along with the 
latitude and longitude of each point which helps in determining its location. 
Similarly, differences in conductivity values between surveys will be represented 
as∆ ( , ) . Here x and y represent field and the coil spacing and z represents the days 
which were used to obtain the difference in conductivity value. For instance, ∆ (10−
, 0.5)  represents the difference in conductivity values obtained, for field 10-
A for half meter coil spacing, by subtracting the conductivity value obtained on 
November 26, 2010 from November 28, 2010. 
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3.4 Analysis 
3.4.1: Basic Statistical Analysis 
Exploratory data analysis, including calculation of basic statistics, histograms, 
bivariate correlation and mapping, was carried out to identify overall trends in for each 
EMI survey. The apparent electrical conductivity maps are shown in Figure 3.2 and 
trends in the mean apparent conductivity response of each field can be seen in Table 3.2. 
Table 3.2: Mean apparent electrical conductivity and in- field standard deviation 
(σ ±SD) for for EMI surveys conducted in 2010 using the 1m and 0.5m coil spacing. 
 
Date Mean Apparent Electrical Conductivity (mS/m) and Standard 
Deviation ( ±SD) 
 Field 10-A Field 10-B 




Nov.26 37.1 ± 11.6 28.6 ± 8.1 N/A N/A 
Nov.27 Heavy Rain 
Nov.28 42.8 ± 13.1 38.1 ± 10.1 N/A N/A 
Nov.29 N/A N/A 25.2 ± 11.3 18.0 ± 7.9 
Nov.30 38.2 ± 11.2 28.3 ± 7.6 31.1 ± 11.2 23.2 ± 8.2 
Dec.1 Light Rain 




Figure 3.2: Figure showing maps of field 10-A and 10- B for each EMI survey. The color 




As discussed in Chapter 2, the overall field response shows an increase in the 
mean apparent conductivity of the fields is observed as a result of individual rainfall 
events. For field 10-A, initially low conductivity values were observed in case of Nov.26 
survey. An increase in mean conductivity values was observed for the surveys of No.26 
to Nov.28. A decrease in mean conductivity was observed for the surveys Nov.28 and 
Nov.30. This suggests that overall there is decrease in water content of the field. On the 
other hand, in field 10-B, an increase was observed between the surveys of Nov.29 and 
Nov 30 which is likely due to redistribution of water within the field.  
From further analysis of Figure 3.2, it was observed that each survey showed a 
spatial pattern in the distribution of electrical conductivity. For both the fields, two 
distinct regions can be identified by visual investigation. These two regions had 
consistently low and high conductivity and were consistent with the textural patterns 
qualitatively observed within the field; the field with lower electrical conductivity had a 
coarser soil texture while the region having higher electrical conductivity had finer soil 
texture.  
In order to compare apparent conductivity measurements taken during different 
surveys, the field geometry was subdivided into a grid of smaller blocks. The  data 
points shown in figure 3.2 were interpolated using triangle based linear interpolation to 
obtain the interpolated  value for each grid block. This interpolation eliminated the 
effects of errors introduced by GPS up to some extent and also enabled the comparison of 
the same locations to study the temporal variations. A grid of 100x100 cells was used for 
both the fields. The temporal data analysis was performed by determining the changes in 
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conductivities ( ∆  ) for different days. The difference maps are shown in Figure 3.3 and 
provide insights into how ∆  responded differently to the rainfall events across the fields.  
 
Figure 3.3: Changes in apparent conductivity field 10-A and 10-B for half meter coil 
spacing. Differences were calculated for the survey dates as indicated above each map. 
The black dots in field 10-B indicate the locations of the infiltration tests performed in 
this field.  
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The difference in  (∆ (10− , 0.5) ) between surveys performed in 
field 10-A before and after the rainfall event on Nov.27 (i.e., observed on Nov.28 
minus that observed on Nov.26) were found to be positive. This shows that overall the 
electrical conductivity of the field increased after the rain event. The northern region of 
the field showed a greater increase in  than the southern region. Similarly, ∆ (10−
, 0.5)  show presence of negative values which is consistent with drying of 
the soil. As observed in previous case, however, greater changes in conductivity were 
seen in the northern part of the field as against to the southern part (discussed in detail in 
Chapter 2). This shows that the region showing maximum change in conductivity values 
can be identified using the difference maps.  
3.4.2 Data Normalization 
The data obtained from each survey contains two values, i.e.,  for half meter 
coil spacing and one meter coil spacing, respectively. Both of these data were used to 
perform the cluster analysis as they both reveal  averaged over different depths in the 
subsurface, i.e. , 0.37 meters and 0.75 m for half meter and one meter coil spacing. The 
data was first normalized, i.e., converted to a scale of 0-1 to have comparable data sets 
with equal weighing of conductivity values over different surveys. The data 
normalization was done by: 
_ =
( )− ( )
( )− ( ) 
Where,  
data_n = normalized value 
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data (i) = i-th observation from the data vector  
The temporal data analysis was performed by determining the changes in 
conductivities for different days. The differences were calculated by subtracting  
values from one day to other and were then normalized.  
3.4.3 Determination of Optimal Classes: 
In order to determine the optimum number of clusters, silhouette values were 
calculated. K-means classification was utilized to create clusters which assign each 
observation to user defined number of clusters. The clustering was attempted using 
different number of clusters varying from 2 to 6. Silhouette values were then determined 
for each observation point which gives a measure of how correctly each observation has 
been assigned to the clusters. For this study, the optimum number of clusters was found 
to be 2. Table 3.3, 3.4 and 3.5 shows the results of mean silhouette values obtained for 
both the fields surveyed in this study. 
Table 3.3: Table showing mean Silhouette values for different number of clusters for 
Field 10-A for spatial data.  
Number of Clusters 2 3 4 5 6 
26th November 0.79 0.68 0.66 0.59 0.53 
28th November 0.82 0.69 0.66 0.61 0.55 
30th November 0.80 0.68 0.64 0.58 0.56 
02nd December 0.81 0.71 0.64 0.61 0.56 
 
 62
Table 3.4: Table showing mean Silhouette values for different number of clusters for 
Field 10-B for spatial data.  
Number of Clusters 2 3 4 5 6 
29th November 0.82 0.76 0.71 0.58 0.54 
30th November 0.81 0.76 0.68 0.62 0.60 
02nd December 0.84 0.74 0.71 0.62 0.58 
 
Table 3.5: Table showing mean Silhouette values for different number of clusters for 
joint spatial data.  
Number of Clusters 2 3 4 5 6 
Field 10-A 0.82 0.71 0.66 0.60 0.55 
Field 10-B 0.83 0.74 0.71 0.59 0.56 
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3.4.4 GMM Clustering 
In order to determine the probability distribution and perform classification, both 
conductivity at half meter coil spacing and one meter coil spacing were utilized. A 
Gaussian mixture model with two components was used to fit the data as the optimum 
number of clusters was found out to be two using the Silhouette analysis.  
Three cases were analyzed while performing cluster analysis – spatial data 
analysis, difference in conductivity data ,and variance in the conductivity data obtained 
using the conductivity values over time for each grid cell (referred as temporal data here). 
The issue of non-uniqueness in the fit was observed. Thus different solutions were being 
generated as a result of GMM fit. This issue was resolved by running 1000 replicates 
fitting the GMM model to each data set. For each replicate the solution was optimized by 
starting the algorithm using random variables. The model with maximum log-likelihood 
value was selected as the best fit model and utilized for the analysis. All the analysis and 
computations were performed in MATLAB (Calculations description in Appendix B). 
3.4.5 Robustness of Clustering: 
To assess the robustness of the clustering, hypothesis testing using a two tailed t 
test was performed to check the uniqueness of mean conductivity values for one meter 
coil spacing for the two clusters. The aim of the test was to show that the mean of one 
cluster is significantly different from the mean of the other cluster. This was done for all 
the 1000 realizations for a significance level (alpha) of 0.05. The cases where null 
hypothesis can be rejected confidently are represented by value 1. If it is not possible to 
reject the null hypothesis, value 0 is assigned. The hypothesis tests showed that all the 
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realization provides clusters having significantly different means. The results are shown 
in detail in the Appendix – C. 
 65
3.5 Results and Discussion 
3.5.1 Spatial data :  
Clustering on spatial data was done in two different ways: 1) using data collected on 
different days independently, and 2) using surveys from all days jointly. 
a) Daily Analysis: In this case the clustering was performed for the data collected on 
each day. It was done using both conductivity for one meter and half meter coil 
spacing. Figure 3.4 and 3.5 presents the results of cluster analysis. For example, to 
obtain such results clustering was done using (10− , 1) 	  and (10−
, 0.5) 	  to get the results for November 26, 2011 in Figure 3.4. Similarly, the 
clustering was done for rest of the days by taking into account the conductivity values 
collected only for that day. The daily spatial data clustering was performed to 
understand the daily spatial patterns present within the field. 
b) Joint Analysis: Clustering was performed using the  values for the half and one 
meter coil spacing for all the surveys. For example, to obtain figure 3.6 for Field 10-
A, the cluster analysis was performed using (10− , 1) 	 	, (10−
, 0.5) 	 	, 
	
(10− , 1) 	 	, 	 (10− , 0.5) 	 	, (10− , 1) 	 	, 
(10− , 0.5) 	 	, (10− , 1) 	 , (10− , 0.5) 	 	conductivity values. 
The joint data integrates all the information collected for each field. Figure3.7 shows 




Figure 3.4: Figure showing results of spatial cluster analysis performed for field 10-A for 
each EMI survey by taking  for one and half meter coil spacing as dimensions. The 
color scale represents probability of a particular observation to belong to one cluster. The 
data used for interpolation for each subfigure is - (10 − , 1) 	 	  (10−
, 0.5) 	 	, (10− , 0.5) 	 	, (10− , 0.5) 	 	and (10− , 1) 	 , 




Figure 3.5: Figure showing results of spatial cluster analysis performed for field 10-B for 
each EMI survey by taking  for one and half meter coil spacing as dimensions. The 
color scale represents probability of a particular observation to belong to one cluster. The 
data used for interpolation for each subfigure is - (10 − , 1) 	 	, (10−
, 0.5) 	 	and (10− , 1) 	 , (10 − , 0.5) 	 	and (10− , 1) 	  and 
(10 − , 0.5) 	  respectively. 
 
Figure 3.4 and 3.5 shows the results for the cluster analysis performed on the 
daily spatial data for field 10-A and 10-B respectively. Each data point has been assigned 
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a probability value based on clustering. This value shows the probability of that data 
point to belong to cluster 1. In figure 3.4, each survey produces a similar clustering 
pattern where one part of the field shown in red has a very high probability to belong to a 
cluster 1 as compared to other cluster. The pattern is consistent in each mapping which 
shows that the clustering is temporally stable. These results are also consistent with the 
actual soil  maps (Fig 3.2), where the regions identified by cluster analysis are the 
regions of low and high conductivity. Since those low and high  values were consistent 
with the textural patterns present in the field, cluster analysis can be utilized in an 
effective way to demarcate these textural patterns.  
For field 10-B (Fig 3.5), a similar type of result as Field 10-A was obtained. The 
region shown in red has higher probability of being assigned to cluster 1 as opposed to 
the region shown in blue. Since field 10-B is located near a channel stream running from 
east to south, with the south eastern edge of the field aligning with the stream, the coarser 
texture is expected to decrease form SE to NW direction with-in the field. This behavior 
was qualitatively observed in the clustering class maps in field as well. Unfortunately, no 
data is available to perform a quantitative analysis of texture. 
To investigate how well the clusters obtained for both the fields are separated in 
the data space, Figure 3.8 and 3.9 were created for field 10-A and 10-B respectively. The 
x and y axis are conductivity for one meter coil spacing and half meter coil spacing 
respectively. The red and blue dots represents points assigned to cluster 1 and cluster 2 
respectively. These clusters in both the figures (3.8 and 3.9) are well separated in data 
space. This shows that clustering performed yielded statistically appropriate results.  
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Figure 3.6: Figure showing results of Cluster Analysis performed using joint spatial data 
for Field 10-A i.e. - (10− , 1) 	 	, (10 − , 0.5) 	 	, (10− , 1) 	 	, 
(10 − , 0.5) 	 	, (10− , 1) 	 , (10− , 0.5) 	 	, (10− , 1) 	 , 
(10 − , 0.5) 	 . The color scale represents probability of a particular observation to 
belong to one cluster. 
Figure 3.7: Figure showing results of Cluster Analysis performed using joint spatial data 
for Field 10-B, i.e.,
	
(10− , 1) 	 , 	 (10− , 0.5) 	 , (10− , 1) 	 , 
(10 − , 0.5) 	 , (10− , 1) 	 , (10− , 0.5) 	 . The color scale 
represents probability of a particular observation to belong to one cluster. 
 
The clusters analysis results for joint data are shown in Figure 3.6 and 3.7. Here 
data from each EMI survey was utilized to classify zones. The maps are interpolated in 
order to assess conductivity value for the same location every day. The zones obtained 
using the joint analysis of the survey data from different days is consistent with those 




Figure 3.8: Figure showing results of spatial cluster analysis performed for field 10-A for 
each EMI survey in data space. The red and blue dots represents points assigned to 
cluster 1 and cluster 2 respectively. The data used for interpolation for each subfigure is - 
(10 − , 1) 	 	  (10− , 0.5) 	 	, (10− , 1) 	 	, (10 −
, 0.5) 	 	and (10− , 1) 	 , (10 − , 0.5) 	 	and (10− , 1) 	  and 




Figure 3.9: Figure showing results of spatial cluster analysis performed for field 10-B for 
each EMI survey in data space. The red and blue dots represents points assigned to 
cluster 1 and cluster 2 respectively. The data used for interpolation for each subfigure is - 
(10 − , 1) 	 	, (10 − , 0.5) 	 	and (10− , 1) 	 , (10 −
, 0.5) 	 	and (10− , 1) 	  and (10− , 0.5) 	  respectively. 
 
To find out how well separated are the clusters obtained in data space for joint 
mapping, principal component analysis (PCA) was performed. The Principal component 
analysis for Field 10-A shows that (97.48 %) of the total data variance can be explained 
only by using first two principal component scores. Similarly, for Field 10-B, the first 
principal component explained (96.45%) of the total variance and taking into account the 
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second principal component as well makes it 98.26%. Thus, the clusters were shown in 
data spacing using only first two principal components (Figure 3.10 and 3.11). They were 
also found to be well separated in the data space.  
 
Figure 3.10: Figure showing results of joint spatial cluster analysis performed for field 





Figure 3.11: Figure showing results of joint spatial cluster analysis performed for field 
10-B for each EMI survey in data space.  
 
From the principal components analysis for field 10-A and 10-B their first 
principal component score, i.e., the score capturing the maximum variance of the overall 
data, was calculated. The relation of this component score with conductivity values from 





Table 3.6: Table showing correlation of first principal component calculated using joint 
analysis with conductivity values from each survey for field 10-B. 
 
Conductivity values First Principal component 
(10 − , 1) 	  R = 0.99 
(10− , 1) 	  R = 0.99 
(10 − , 1) 	  R = 0.98 
(10 − , 0.5) 	  R = 0.98 
(10− , 0.5) 	  R = 0.98 
(10− , 0.5) 	  R = 0.97 
 
It shows that first principal component capturing the maximum variance from the 
joint data set is highly correlated with each conductivity value field 10-B. It holds true for 
the field 10-A as well. This analysis shows that any of the survey can be utilized to detect 
the spatial patterns quite well. However, the rest of the principal components are 
capturing the minute details of variations present within the field. Thus, if only textural 
patterns are required to identify the zones only one mapping should be sufficient. The 
other mappings can be done to improve the confidence in previous mapping but are not 
required. Thus, more than one mapping was found to be redundant in order to obtain the 
spatial patterns.  
 The results from cluster analysis shows clusters in each field and can be reliably 
discriminated. The results were consistent with the textural observations which is stable 
over time, i.e., variation in soil texture as low  values were observed in coarser soil 
texture region and higher  values were observed in finer soil texture region. Thus this 
type of classification can serve as an efficient tool to capture field scale textural 
variations. However, it should be kept in mind that joint data and daily data produce 
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similar results and thus many surveys to capture textural variations might just end up 
being excessive data.  
3.5.2 Difference data :  
Utilizing joint difference data (∆ ):  
 The joint difference data can be utilized to identify zones which are consistently 
showing high and low changes in In case of field 10-A, ∆ (10 − , 01)  
and ∆ (10− , 0.5)  , ∆ (10− , 01)  and ∆ (10−
, 0.5)  , ∆ (10− , 01)  and ∆ (10− , 0.5)  data 
was utilized as dimensions for clustering for field 10-A. For field 10-B, ∆ (10−
, 01)  and ∆ (10 − , 0.5)  , ∆ (10− , 01)  and 
∆ (10− , 0.5)  data was utilized. The optimum number of clusters was 
again found to be 2. 
 76
 
Figure 3.12: Figure showing results of Cluster Analysis performed using joint difference 
data for Field 10-A. The color scale represents probability of a particular observation to 
belong to one cluster. 
Figure 3.13: Figure showing results of Cluster Analysis performed using joint difference 
data for Field 10-B. The color scale represents probability of a particular observation to 
belong to one cluster. 
 
 The joint clustering of difference data produced figure 3.12 and 3.13. The clusters 
are shown in data spacing using two principal component analysis in figure 3.14 and 
3.15. In figure 3.12, the region in blue was separated from the rest of the field. The points 
within this region have been behaving in a similar way. They consistently showed higher 
change in apparent electrical conductivity values (Figure 3.12). Figure 3.14, shows that 
there is some overlapping present; however, the two clusters can be identified 
statistically. Two different zones were observed within the field 10-A. These zones 
obtained are similar to some extent to the zones obtained from spatial cluster analysis. In 
case of field 10-B, the cluster analysis results again suggest that there is not much 
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variability present within the field since one of the cluster is extremely large as compared 
to the second cluster and covers most of the field.  
 
Figure 3.14: Figure showing results of joint difference data analysis performed for field 




Figure 3.15: Figure showing results of joint difference data analysis performed for field 
10-A for each EMI survey in data space.  






























3.5.3 Temporal Data: 
This was done in order to see how conductivity is varying with time at one particular 
grid point and whether the points having a similar temporal behavior in electrical 
conductivity can be identified using cluster analysis. In order to quantify the variation 
within the conductivity temporally, variance of conductivity value for both one and half 
meter coil spacing was calculated. The variance is the measure of spread or dispersion 
about the mean of the data points and thus can quantify the variation over time.  
 The results of temporal clustering are shown in Figure 3.16 and 3.17. The 
optimum number of clusters was found to be 2 for temporal clustering for both the fields. 
Figure 3.16 shows that two clusters can be identified for field 10-A. The results are very 
similar with that of cluster analysis using difference data. The pattern is nearly same in 
figure 3.16 and 3.12. However, there is a little difference within the patterns for field 10-
B (figure 3.17 and 3.13). Overall the consistency is observed in patterns with those 




Figure 3.16: Figure showing results of Cluster Analysis performed using temporal data 
for Field 10-A i.e. variance of electrical conductivity in time. The color scale represents 
probability of a particular observation to belong to one cluster. 
Figure 3.17: Figure showing results of Cluster Analysis performed using temporal data 
for Field 10-B i.e. variance of electrical conductivity in time. The color scale represents 


















3.5.4 Spatio-temporal data:  
 The cluster analysis on spatio-temporal data was performed with an aim to 
capture both spatial variations in  data and difference in conductivity data to classify 
zones. In order to perform this analysis, spatial data from all the surveys and difference 
data between them was utilized. This produced a 14 dimension data set for Field 10-A (4 
mappings = 4*2(for one meter and half meter) = 8 data set for spatial data and 6 
difference data for one meter and half meter ). The principal component analysis was 
then performed to obtain two most contributing principal components. These were further 
used to perform the clustering. Figure 3.18 shows the results of clusters analysis 
performed on spatial and temporal data associated with each survey for figure 10-A. The 
results show that for each survey, two zones were obtained. These spatio-temporal zones 
however are found to better match with the results of spatial cluster analysis. Similar is 
true for the field 10-B, where the zones produced by spatio-temporal data are much better 
related with the spatial data as field 10-B. The data points are also shown in figure 3.20 
and 3.21 using principal component analysis. The data is found to be well separated for 
field 10-A. The results of spatio-temporal analysis and similar to spatial patterns indicate 




Figure 3.18:Figure showing results of Cluster Analysis performed using spatio-temporal 
data for Field 10-A for each survey. The color scale represents probability of a particular 












Figure 3.19: Figure showing results of Cluster Analysis performed using spatio-temporal 
data for Field 10-B for each survey. The color scale represents probability of a particular 













Figure 3.20 :Figure showing results of spatio-temporal data analysis performed for field 
10-A in data space.  


























Figure 3.21: Figure showing results of spatio-temporal data analysis performed for field 
10-B in data space.  























 EMI mapping study was performed at two agricultural fields in India to 
investigate whether cluster analysis can serve as a potential tool to delineate zones with in 
an agricultural field. We used Gaussian mixture model to perform the cluster analysis. 
The investigation was performed analyzing EMI data in three different ways – spatial, 
temporal and spatio-temporal. The optimum number of clusters was statistically 
determined to be two for both the fields. The results from cluster analysis on spatial data 
were very effective and established the dependence of  on soil texture by classifying 
the field into two different clusters. These clusters qualitatively correlated with the 
textural trends present in the field. In case of temporal analysis, cluster analysis results 
were not found to be reliable by plotting the points in the data space. Cluster analysis on 
spatio-temporal data provided results which had a combination of spatio and temporal 
effect. However, the results were mainly dominated by spatial variations of electrical 
conductivity. Thus, Gaussian mixture model is an effective tool to discriminate zones 
within the field. However, the fields should have a distinct hydraulic behavior in order to 
be captured by the method. The best results where clusters were fairly separated in data 
space were obtained in capturing the joint spatial variations within the field. The fields 
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CHAPTER FOUR 
DISCRIMINATION OF HYDRUALICALY DISTINCT SOIL ZONES IN 
AGRICULTURAL FIELD IN CLEMSON, SOUTH CAROLINA, 
USING TRANSIENT ELECTROMAGNETIC INDUCTION 
Abstract: 
The purpose of this study is to evaluate the relationships between Electromagnetic 
Induction based apparent electrical conductivity (  ) and soil hydraulic properties for an 
agricultural field near Clemson, SC. Temporal variations in  values were obtained 
using Geonics EM38-MK2 during multiple rain events for agricultural field near 
Clemson University, SC. It was found that the range of conductivity values changed over 
time as a result of wetting and drying to some extent, but within the field spatial patterns 
of conductivity remained relatively consistent. The hypothesis is that the  data can be 
used to delineate zones , if present, with distinct soil texture and hydraulic properties in 
the field. To test this hypothesis, measurements of soil properties like moisture content, 
rate of infiltration, hydraulic conductivity, and soil texture were also analyzed across the 
field. Analysis was performed by studying the correlation of apparent electrical 
conductivity values with different soil properties. It was found that conductivity values 
correlated significantly with water content with coefficient of correlation (R ) in a range 
of 0.36 – 0.78 for water content. The finer particles (% fines i.e., particles lesser than 
0.075 mm in diameter obtained using sieve analysis) were found to correlate better for 
one meter coil spacing values (R = 0.44-0.81 for % fines). A better correlation was 
observed when apparent conductivity values were jointly related to the water contents 
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and the % fines with R in a range of 0.43-0.80. A weak relation in apparent conductivity 
values with the water retention curves was observed. The temporal data analysis 
performed using difference in conductivity allows identification of regions showing 
consistent changes in conductivity values. However, for this particular field, the 
variability was not captured by the conductivity values. As quantitative relationships 
between the electrical conductivity and gravimetric water content were found to be weak, 
it suggests that electrical conductivity values are being affected by some other soil 
properties like soil mineralogy.  
These analyses shows that although conductivity values can be utilized detect 
spatial variability, the temporal variation in conductivity values could not be used to 
detect the temporal changes in soil properties.  
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4.1. Introduction 
Characterizing spatial and temporal variations of soil properties and delineating 
management zones within an agricultural field is one major approach of precision 
agriculture (Sadler et al. 2005). Significant infield variations are commonly present in the 
field. This field level variability of soil properties has been ignored for a long time which 
could form a basis to create subdivision in the field to form management zones (Hedley 
et al. 2004). 
Out of different approaches to create these subdivisions including topography, 
aerial photographs, crop canopy (Schepers et al. 2004), crop yield (Li et al. 2008) and 
electromagnetic induction (EMI) (Li et al. 2008) used in the past to discriminate these 
management zones, EMI has been widely used as a quick, non-invasive and cost effective 
method. It provides direct measurements of apparent electrical conductivity ( ) of the 
subsurface which can be used as an indicator of various soil properties due to the 
dependence of  on the soil properties like salinity, clay content, moisture content, 
cation exchange capacity (McNeill, 1980; Corwin et al. 2005; Friedman, 2005). 
 Various studies have been performed to understand and establish the use of 
conductivity maps of the agricultural fields as a tool to delineate zones. Apparent 
electrical conductivity continues to be a reliable tool to study spatial changes. However, 
there are very few studies in the literature taking into account the temporal variations of 
. Repeated EMI surveys have been performed recently to study the temporal variations 
in the soil moisture to characterize subsurface hydrologic dynamics in agricultural fields, 
produce better soil maps (Zhu et al. 2010 (a), Zhu et al. 2010 (b)) and to interpret 
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hydrological processes (Robinson et al. 2009), but most of the studies take into account a 
time scale of months or years. If temporal variations are considered on a scale of hours 
and days, the only property likely to change  is soil moisture. The temperature and 
fluid conductivity can also affect  however over very short time scale, they are unlikely 
to change. Hence, this can be used as a basis to establish EMI as an effective tool in the 
field of precision irrigation. 
The objectives of the study are:  
a) to study spatio-temporal variations in apparent electrical conductivity data 
b) evaluate spatial patterns of electrical conductivity with soil properties  
c) evaluate whether temporal conductivity data can be related to change in soil 
moisture and /or soil hydraulic properties 
d) evaluate whether cluster analysis could be utilized to demarcate management 
zones 
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4.2. Background  
Apparent electrical conductivity can be effectively measured using commercial 
EMI sensors. All electromagnetic induction based ground conductivity meters work on a 
similar principle. They consist of two coils – a transmitter and a receiver coil. Alternating 
current passed through the transmitter coil produces a primary magnetic field which 
decreases in strength with increasing depth of soil and induces eddy currents in the 
subsurface. This magnetic field varies in strength with depth of the soil. These horizontal 
eddy current loops do not interact with each other at low induction numbers(Hossain et 
al. 2010) and produce a magnetic field proportional to the current. The combination of 
primary magnetic field and the induced magnetic field is called the secondary magnetic 
field which induces alternating current in the receiver coil proportional to the strength of 
this magnetic field. The ratio of secondary to primary magnetic field is directly related to 
 and is measured by the instrument. The secondary magnetic field is a function of 
inter-coil spacing, operating frequency, ground conductivity (McNeill, 1980) and soil 
properties like clay content, water content and salinity (Corwin et al. 2005). 
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4.3. Site Description and Data Collection  
4.3.1 Site Selection:  
The experiments were conducted in an agricultural field selected near Clemson 
University on the basis of visual inspection that revealed presence of different soil texture 
and by performing a preliminary EMI survey. The field is located in Anderson County, 
southwest of US highway 76 along the Eighteen mile creek (shown in blue line) in East. 
Approximate geographic coordinates of field are 34.6° N, 82.8° W. The dimension of 
field is approximately 580m x 80m (Figure 4.1).  
Figure 4.1: Location of agricultural field located at Fants Grove, Clemson, SC. 
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Preliminary mapping of field the showed the presence of some spatial patterns in 
the apparent electrical conductivity (  ) values rather than a randomly distributed  
map. These patterns were qualitatively consistent with the presence of different types of 
soil texture (i.e. fine and coarser soil) and color differences verified by visual inspection. 
From visual observations, it was found that soil present in the North East side of the field 
has a coarser texture as compared to the soil present in the South West. This was later 
verified by performing sieve analysis soil core samples. The type of soil usually present 
in the field is has been categorized as Toccoa-Cartecay complex as per the web soil 
survey of Natural Resources Conservation Service of United States Department of 
Agriculture. 
4.3.2 EMI Data Collection: 
The aim of the experiments was to evaluate short term trends in water content with 
EMI surveys. Nine surveys were performed to capture two rainfall events which will be 
refereed as the first and second rainfall events respectively. Four mappings were 
performed to capture the variation in conductivity values before and after the first rain 
event. Five mappings, however, were performed for the second rain event to study the 
behavior of field after a rain event. The summary of rain and EMI surveys is provided in 
Table 4.1 and 4.2.  
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Table 4.1: EMI survey dates for Rainfall Event 1.  
Date Field Mapped 
September 04 X 
September 05 Rainfall Event 1 
September 06 X 
September 08 X 
September 13 X 
 





The first rain event was observed on September 05, 2011 with a total precipitation 
of 0.31 inch (7.87 mm). The second rain event occurred during September 21-23, 2011 
with total precipitation of 2.48 inch (62.99 mm). The heaviest rain intensity with 1.12 
inch of rain over 3 hours, occurred six hours before the mapping on September 23. These 
rainfall data were obtained from the weather station of National Operational Hydrologic 
Remote Sensing Center located at 34.67 N and 82.88 W (Station: KCEU – CLEMSON – 
OCONEE COUNTY AIRPORT). This weather station is located approximately 8km 
away from the field in North West. This data is summarized in Figure 4.2.  
Date Field Mapped 
September 21-22 Rainfall Event 2 
September 23 X 
September 24 X 
September 25 X 
September 28 X 
October 01 X 
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Figure 4.2 : Daily Rainfall Data observed at weather station of National Operational 
Hydrologic Remote Sensing Center located at 34.67 N and 82.88 W (Station: KCEU-
CLEMSON-OCONEE COUNTY AIRPORT) 
 
EMI mapping of the field was performed using EM38-MK2 (Geonics Limited, 
Ontario, Canada). This sensor was connected to a handheld consumer grade global 
positioning system (Garmin GPS 72 H) using a portable field computer (Allegro CX) to 
obtain geo-referenced apparent electrical conductivity values. The calibration of the 
instrument was performed in the middle of the field as per the guidelines provided in the 
EM38-MK2 manual (Geonics Limited). The whole system was carried at a height of 
~15cm over parallel transects obtained every 15 feet (~4.57 meters) across the field to 
collect approximately 4.4 km of data for each survey. Survey flags were used to mark the 
EM38 survey lines to ensure that transects were repeated accurately for daily repeat 

















simultaneously – half meter and one meter. The depth of investigation obtained was 
approximately 0.75m and 0.38m for one meter and half meter coil spacing respectively.  
4.3.3 Data Nomenclature: 
EMI data collected for each survey results into two apparent conductivity values: 
conductivity for a transmitter and receiver coil separated by one meter and half meter. In 
order to represent conductivity values, a generalized notation ( )  has been used in this 
paper to clearly represent different conductivity values for different coil spacings and the 
day of survey. Here ‘y’ represents the coil spacing at which conductivity was obtained (y 
= 1 for one meter coil spacing and y = 0.5 for half meter coil spacing); and ‘z’ represents 
the day on which the survey was performed. For instance (	1) 	  represents the 
conductivity values for the field for one meter coil spacing collected on September 04, 
2011. 
Similarly, the difference in conductivity values observed between two surveys 
will be represented as ∆ ( ) . Here, ‘y’ represents coil spacing at which conductivity 
was obtained (y = 1 for one meter coil spacing and y = 0.5 for half meter coil spacing); 
and ‘z’ represents the days which were used to obtain the difference in conductivity 
value. For instance, ∆ (	0.5) 	  represents the difference in conductivity 
values obtained for half meter coil spacing, by subtracting the conductivity value 
obtained on September 04 from September 06, 2011. 
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4.3.4 Soil Properties Analysis 
Soil properties including gravimetric water content, particle size distribution and 
water-retention curves were measured on samples from the field to compliment the EMI 
data. A regular grid was utilized to collect 33 soil core samples from the field. These 
locations are shown in Figure 4.3. Soil sampling equipment (Model No: 0200 SOIL 
CORE SAMPLER, SoilMoisture Equipment Corp. Santa Barbara, CA) was utilized to 
obtain intact soil cores of up to 15cm length and 5.7 cm diameter from the subsurface. 
Gravimetric moisture content values were determined for each sampling location 
and for each survey. The particle size distribution analysis performed using sieve analysis 
was done from the samples obtained from September 13 for all the locations. The water 
retention curves analysis was performed on the samples from the September 24. The 
infiltrometer tests were performed during the month of January – February, 2012 at all 
the 33 locations using a double ring infiltrometer. 
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Figure 4.3: Soil sampling locations. 
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Gravimetric Water Content: 
The gravimetric water content is a measure of the fraction of water present in a 
soil sample determined by the difference between the wet and oven dried weight of the 
sample. Gravimetric water content (GWC) was determined in the laboratory for the 
samples collected from the field. Samples were weighed immediately to obtain the initial 
weight. The samples were then oven dried for 24 hours at 105 ° C. The oven dried weight 
was then recorded to carry on further calculations shown below (after accounting for the 
weight of sampling bags and weighing dishes): 




 = Initial weight sample, 
 = Over-dried weight of sample. 
The GWC data are available for all 33 locations for each EMI survey except the 
first one conducted on September 04, 2011. However, a very dry spell of about 2 months 
lasted before the rains on 5th September (Figure 4.2) and the field was dry on 04th 
September.  
The gravimetric soil moisture content provides an estimate of in-situ soil moisture 
in the subsurface at the time of each EMI survey. The variation of soil moisture within 
the field is expected to be directly related with . The relation of moisture content with 
 can be used to generate a moisture map from the EMI data. Also, it can be used to 
establish whether a region showing maximum contrasts in the moisture is the same region 
associated with maximum  changes.  
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Particle Size Distribution Analysis: 
The particle size distribution analysis is performed in order to determine the 
distribution or gradation of particles based on their diameter. Particle size analysis is 
usually performed to evaluate soil texture. Soil texture is an important aspect to be 
considered as it affects various properties of soil like the saturated hydraulic conductivity 
and water retention characteristics (Jacob, 2002). The texture analysis can be used to 
establish relationships between hydraulic conductivity, infiltration rates and soil 
moisture. 
The method adopted to obtain this distribution is sieve analysis (ASTM, 2004). 
The detailed methodology to perform sieve analysis has been explained in Appendix. The 
sieve analysis is available for all the 33 locations and was performed using the following 
sieves.  
Table 4.3: Table showing the sieves utilized for the particle size analysis. 








The expected results from these tests will show that finer particle diameter is 
present in the lower  region (identified using spatial maps) and coarser particle 
diameter is present in higher  regions. The region having finer particle diameters 
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should also have higher gravimetric water content compared to the rest of the field while 
the coarser particle containing regions will have less gravimetric water content. 
Water Retention Curves: 
Water retention curves describe the amount of water retained within the soil at any 
given matric potential under equilibrium. These water retention curves can help in 
determining which regions within the field are retaining water for a longer period of time. 
The texture usually plays an important role in water retention curves. Soils with finer 
texture tend to retain water for a longer period of time, whereas coarse soils tend to loose 
water faster.  
In order to obtain water retention properties for each soil sample, a 15 Bar 
Pressure Plate Extractor (Soil Moisture Equipment Corp. Model 1500F1) was utilized. 
The range of pressure utilized for these experiments was between 2psi (1.38 meter of 
water) to 50psi (34.5 meter of water). The maximum pressure should go to the order of 
hundreds of psi in order to obtain the full retention curve; however, a maximum of 50psi 
could be achieved with the particular vacuum apparatus used. 
The principle of operation to determine soil moisture retention curves is that a 
suction is applied on a soil sample through a porous plate. The moisture content of the 
soil sample is measured at equilibrium which can be determined when the flow of water 
from the outlet stops. An increase in suction (i.e., lower negative pressure) causes the soil 
matrix to loose water. The amount of water that will be lost by the soil matrix for given 
potential change depends mainly on soil texture.  
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Double Ring Infiltrometer Test: 
Double ring infiltrometer tests were performed in order to obtain the rate of 
infiltration at all the 33 locations. These tests usually lasted for around one hour. 
Infiltration tests provide information about how fast the water is being absorbed by the 
surface and percolates into the earth. These tests can help in discriminating the regions 
having higher vs. lower infiltration rates.  
The Kostiakov equation proposed in 1932 was utilized in order to perform a 
quantitative analysis of the data. The equation describes the relationship of cumulative 
infiltration with the elapsed time as  
= ∗  
Where, ‘I’ is the cumulative infiltration,‘t’ is total time elapsed and ‘k’ and ‘α’ are 
the empirical soil parameters. A limitation of this equation is that at long times the 
calculated infiltration rate (i.e., = 	  ) tends to reach zero. However, this is problematic 
because infiltration at long times reaches to a steady positive value known as the basic 
infiltration rate. This basic infiltration rate thus can provide information about the 
constant steady infiltration occurring when the subsurface is saturated. Thus, the 
modified Kostiakov equation was proposed to account for the basic infiltration rate ( ) 
acting over long times. The modified equation is given as:  
= ∗ + ∗  
Here, ‘α’ is an index of soil sorptivity related to the decline of the infiltration over time. 
The typical range of α is 0 to 1. The lower the ‘α’, lower is the rate of decline of the 
infiltration. The k parameter defines initial infiltration (Al-Azawi, 1985; Naeth et al. 
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1991). These parameters were determined from the experimental data by fitting a curve 
using least square method. The k, α and  results are available for all the 33 locations. 
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4.4 Results and Discussion 
4.4.1 Overview:  
Exploratory data analysis was used to study the overall trends of  over time. On 
investigating the data points collected for each survey, it was found that the data 
contained some outliers. In order to remove these outliers in , a threshold maximum 
and minimum value were chosen by obtaining 0.5 and 99.5 percentile value from the 
conductivity histogram. Any values higher than 99.5th percentile values were set to the 
value of 99.5th percentile value and any values lower than 0.5th percentile values were set 
to 0.5th percentile value. This transformation removed the outliers from the conductivity 
data affecting 1% of the data. An illustration of data before and after correction for one 
survey is shown in Figure (4.4) 
Maps of  were created to show patterns present within the field for each survey. 
These maps are shown as differences from mean apparent conductivity to remove the 
effect of temporal trends and allow a direct comparison of the deviations. The patterns for 
measured soil properties like gravimetric moisture content, soil particle distribution, 
water retention curves and infiltration tests were then analyzed.  
In order to compare apparent conductivity measurements taken during different 
surveys, the field geometry was subdivided into a grid of smaller blocks. The  data 
points shown in figure 4.5 were interpolated using triangle based linear interpolation to 
obtain the interpolated  value for each grid block. This interpolation eliminated the 
effects of errors introduced by GPS up to some extent and also enabled the comparison of 
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the same locations to study the temporal variations. A grid of 100x100 cells was used for 
the interpolation. 
 
Figure 4.4: Figure showing the conductivity values (in mS/m) before and after the outlier 
removal for half meter conductivity values obtained from September, 06 Survey. 
 
This grid also helped in allowing evaluation of the relationship of conductivity 
with the soil properties. The correlation of  with various gravimetric moisture content 
and water content and soil particle size distribution was assessed. In order to perform the 
temporal analysis, difference maps were utilized. The difference maps help in 
determining the regions showing maximum change in  values over time and help in 
identifying those regions. Quantitative assessment was then performed to determine 
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whether change in  can be related to changes in soil water content or can be related to 
physical characteristics of the soil. 
 Cluster Analysis was then performed to delineate potential soil zones within the 
field. Spatial data and temporal data were analyzed separately. The cluster analysis 
methodology and various methods utilized have been discussed in detail in Chapter 3. 
4.4.2 Apparent Electrical Conductivity Measurements 
Rain Event 1 (September 05, 2011) 
Exploratory data analysis including calculation of basic statistics, histograms and 
mapping was carried out to identify overall trends in  for each EMI survey. Four 
mappings were done for the first rain event. The mean apparent conductivity response for 
rain event 1 is shown in Table 4.4. The  patterns mapped corresponding to the first rain 
event are shown in Figure 4.5 (as differences from the mean apparent conductivity, i.e., 
∗ = – ) with histograms of for each survey shown in Figure 4.6. The instrument 
quadrature response of the magnetic field was converted by a standard linear conversion 
to estimate apparent electrical conductivity values (McNeill, 1980). This conversion 
produced negative values for a few surveys. The likely reasons for negative values can 
be either calibration of instrument over a region which has higher conductivity or high 
resistivity / low conductivity of field (personal communication: Mike Catalano, Geonics).  
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Table 4.4: Mean apparent electrical conductivity and within field standard deviation 
(σ ±SD) for surveys corresponding rainfall event 1.  
EMI Survey For One Meter Coil Spacing For Half Meter Coil Spacing 
September 04 1.10 ± 1.82 -8.48 ± 7.89 
September 06 3.18 ± 1.37  2.00 ± 1.28 
September 08 4.50 ± 1.86 -2.09 ± 3.18 
September 13 4.69 ± 1.52  8.44 ± 1.48 
 
The first mapping was performed on September 04, which was done after a very 
long dry spell of two months and just before the rainfall event on September 05 (Figure 
4.2). Mean  was found to be very low including negative values for both the one and 
half meter coil spacing. These low  values could be attributed to the field being very 
dry. The standard deviation of 7.89 was observed for half meter  value which shows 
that there was a lot of deviation in the conductivity values. This shows the presence of 
noise for the half meter measurements. Thus, this data is not very reliable due to very 
high standard deviation. From the histogram (Figure 4.6), it was observed that for one 
meter coil spacing, conductivity values shows a range of -2mS/m to 5mS/m but the 
histogram for half meter coil spacing was found to be skewed with almost all the values 
being negative. After the light rainfall on September 05, the overall mean  values for 
both the coil spacing increased for the September 06 mapping. The rainfall increased the 
overall water content of the field (discussed in detail in later section (Figure 4.11)) which 
presumably played a role in increasing apparent electrical conductivity. The mean 
conductivity value for the mapping of September 08 was found to increase for one meter 
coil spacing but decreased for half meter coil spacing. The next mapping on September 
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13 again showed that the electrical conductivity slightly increased for the one meter but it 
increased a lot for the half meter coil spacing. This could be due to bad data from the 
September 8 mapping. This behavior was not expected if the change in  was only to 
depend on the change in soil moisture. The expected behavior will show decrease in 
overall conductivity values with the drying of the field. This behavior in overall 
conductivity values suggests that either the soil moisture is not dominating the soil 




Figure 4.5: Apparent conductivity maps for the field for first rainfall event; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 




Figure 4.6: Histograms of apparent conductivity EMI surveys conducted for first rain 
event.  
 
This pattern of decrease then increase in conductivity after the rainfall event could 
be due to two possible reasons: 1) the soil electrical conductivity is being controlled by 
some other soil properties as well (like soil texture, temperature, soluble salt content), 2) 
calibration issues with the instrument and the instrument drift within a particular day and 
different days.  
To compare the EMI values quantitatively, the issue of instrument calibration and 
drift should be considered. In order to take this issue into account, extreme care was 
taken while calibrating the instrument at a fixed point in the middle of the field for the 
mappings performed for both the rain events. However, to account for the instrument 
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drift for the second rain event a common transect was mapped every one hour of mapping 
duration to take into account the drift in the instrument due to temperature and other 
environmental factors. Repeated transect measurements over the fixed spot showed a drift 
in the  values with time. However, the overall pattern of conductivity values was 
similar. An example of observed drift is shown in Figure 4.7.  
 
Figure 4.7: Drift in conductivity (mS/m) values observed at three different times of the 
mapping. 
 
The mean value of these transects from different times were then used to correct 
the data assuming the drift was linear in time. This methodology was proposed by 
Sudduth et al. (2001) to correct drift in EM38 data. In order to account for daily drifts, a 
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common transect was mapped on the paved road bed adjacent to the field. As the paved 
road had a coarse texture overlaid by an asphalt cap, the soil moisture will most likely not 
change for it and thus it should measure the same value for each day. Both common 
transect and paved road corrections were applied to the data for the second rainfall event.  
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Rain Event 2 (September 21-22, 2011) 
The exploratory data analysis similar to rain event 1 was performed in this case. 
Five mappings were done for the second rain event. The mean apparent conductivity 
response is shown in Table 4.5. The  patterns mapped are shown in Figure 4.8 (as 
differences from the mean apparent conductivity , i.e., ∗ = – ) with histograms of 
for each survey shown in Figure 4.9. 
Table 4.5: Mean apparent electrical conductivity and within field standard deviation 
(σ ±SD) for surveys corresponding rainfall event 2.  
EMI Survey For One Meter Coil Spacing For Half Meter Coil Spacing 
September 23 3.37 ± 1.98 5.32 ± 1.70 
September 24 3.02± 1.38 2.89 ± 1.38 
September 25 4.69 ± 1.45 0.95 ± 1.35 
September 28 2.64 ± 1.53 0.39 ± 1.40 




Figure 4.8 Apparent conductivity maps for the field for second rainfall event; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 




Figure 4.9: Histograms of apparent conductivity EMI surveys conducted for second rain 
event.  
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A heavy rainfall event was observed from September 21 through the September 
23 morning. The mapping was started 5 hours after the heavy rainfall ended in the early 
morning around 4AM. The field was water logged in the southwestern side due to 
overflow from the drainage ditch adjacent to the field. The water level was greater than 
40 cm at some places. A sample of the ponded water was taken from the field to test its 
electrical conductivity in the lab. The water sample showed a very low conductivity value 
of 1.20 mS/m. The predefined transects were still followed to collect the data for these 
surveys.  
In the flooded area the instrument was capturing conductivity of water. Since, the 
depth of investigation for half meter coil spacing is 0.37 m and 0.75 for one and half 
meter coil spacing, the major portion of the signal came from the flooded region as the 
flooded region had water level of ~40 cm at some places. The flooding was at a 
maximum on September 23 and gradually decreased until September 28. These 
deviations are not clear from figure 4.8. Thus, actual conductivity values have been 
shown in Figure 4.10.From figure 4.10, it can be observed that negative and low 





Figure 4.10 : Figure showing the actual conductivity maps for one meter coil spacing. 
The color scale shows conductivity for one meter coil spacing (mS/m)  
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The flooding caused extreme negative deviation from the mean conductivity 
values for the flooded areas. The deviation was maximum for the September 23 mapping 
and gradually decreased. 
The first mapping which was performed on September 23 captured the wettest 
conditions right after the rainfall. Mean conductivity values were found to be 3.37 mS/m 
and 5.32mS/m for one and half meter coil spacing. The standard deviation was found to 
be almost equal for all the mappings. This can be confirmed through the histograms as 
well (Figure 4.9). The conductivity maps also shows that on September 23 most of the 
parts of the field captured high values. The negative values show up prominently in the 
southwestern direction as a blue patch. The second mapping was performed the next day 
on September 24. The average mean conductivity values were found to be lower for both 
the coil spacings in this mapping. This decrease in  values could be attributed to 
decreasing water content of the field. The next survey on September 25 also showed a 
decrease in mean conductivity values for half meter coil spacing, however, the 
conductivity values for one meter coil spacing were found to increase. One of the 
possible reasons for this increase in conductivity value could be decrease in the height of 
the ponded water surface. As the instrument in horizontal dipole mode is most sensitive 
at the surface, presence of water on the surface was attributing the lower conductivity 
values for first two mappings (September 23 and 24) however for the case of September 
25, the lowering of the water surface has lowered the skin depth of the instrument. The 
skin depth is defined as the depth at which primary magnetic field has been attenuated to 
1/e of its original strength (Deidda et al. 2003). The next two mappings captured the 
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decrease in average conductivity values. This decrease in average conductivity values 
after the rainfall event is consistent with the previous seasonal and daily EMI surveys 
performed in a watershed in India (Chapter 2). This overall decrease in conductivity 
values could be attributed to the loss of water/ moisture from the field.  
4.4.3 : Soil properties and their relation with spatial electrical conductivity patterns 
Gravimetric Water Content: 
In order to further understand the actual overall soil moisture behavior within the 
field after the rainfall event, gravimetric water content data for various days is shown in 
Figure 4.11. The field was observed to have the highest water contents for September 06. 
The water content values for the September 08 survey shows that at each sampling 
location soil moisture was decreasing. The September 13 data show that soil moisture 
further decreased. These data indicate that the field was drying out or losing water for the 
top 15cm from September 06 through September 13. As various studies have shown that 
soil moisture content is related to measured apparent electrical conductivity, the 
correlation between spatial patterns of gravimetric moisture content and the measured 
apparent electrical conductivity for each survey was further analyzed.  
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Figure 4.11: Gravimetric Water Content for first rain event.  
 
The spatial variation in gravimetric water content has been shown in Figure 4.12 
for the first rain event. From the figure, it can be observed that higher water contents are 
found in the south western region of the field while lower water contents are found in the 
north eastern region. Also, over all the field is drying at all the sampling locations from 

































Figure 4.12 : Figure showing spatial variation of gravimetric water content for first rain 
event.  
 
Figure 4.13 shows the correlation between apparent conductivity and water 
content for the one meter and half meter coil spacings from first rain even. Moisture 
content and conductivity values were found to be correlated for one meter coil spacing 
with R values of 0.74, 0.76 and 0.54 (statistically significant) for September 06, 08 and 
13 respectively. On the other hand, conductivity for half meter and the water content 
were not correlated except for the September 08 mapping which however was poor 
quality data. This shows that one meter coil spacing can capture the spatial water content 
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to some extent however conductivity for half meter coil was not found to be very well 
correlated with the spatial patterns.  
 
Figure 4.13: Correlation of apparent electrical conductivity values with gravimetric 
water content for rain event 1.The correlations significant at 95% confidence interval are 
asterisk marked 
 
Similarly, to investigate the actual behavior of the soil moisture within the field 
for the second rain event, gravimetric water content for the non-flooded region of the 
field is shown in Figure 4.14. The maximum water content was observed for September 
23 immediately after the rainfall. The water content gradually started to decrease until 
October 01 when the lowest water contents were observed. There were a few locations, 
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however, which showed redistribution of water within the field after the rainfall event 
was over. Sample location 18, 27 and 28-30 showed increases in water content over time 
in some samples. However, the increase is not significant magnitude-wise.  
 Figure 4.14: Gravimetric Water Content for second rain event.  
 
The spatial distribution of the water contents for the second rain event is shown in 
Figure 4.15. For the September 23, 24 and 25 mapping, data is not available at some of 
the locations in the south western region, as the region was flooded with water. However, 
the spatial pattern of higher water content in the south western region as opposed to the 































Figure 4.15: Figure showing spatial variation of gravimetric water content for second 
rain event.  
 
The correlation of electrical conductivity with gravimetric water content for the 
second rain event is shown in Figure 4.16. For the first two mappings, i.e. September 23 
and 24, a weak correlation between water content and conductivity existed for both the 
coil spacings. The correlation was found to be strongest for one meter coil spacing for the 
mapping of September 25  
with R value of 0.78 and persisted through September 28 and October 1. 
However, the half meter coil spacing did not yield a good correlation with water content. 
Thus as observed in case of rain event 1, the one meter coil spacing captures the spatial 
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water content variation to some extent but half meter coil spacing has poor correlation 
with the water content.  
 
Figure 4.16: Correlation of apparent electrical conductivity values with gravimetric 





The apparent conductivity values are also expected to capture spatial variations in 
soil texture. The sieve analysis results from all 33 sampling locations are investigated 
here to understand the behavior of apparent electrical conductivity. Figure 12 and 13 
shows the correlation of conductivity values with median particle diameter (d50 ). 
Investigation of figure 4.17 reveals that except one case (September 06 – half 
meter coil spacing), a weak negative correlation exists between the median particle 
diameter and the conductivity values. The correlation was found to be relatively strong 
for September 08 mapping with R value -0.56 for both the conductivity values but other 
correlations were weak. Similarly, low correlation coefficients were observed in figure 
4.18 for second rain event. The maximum correlation was found for the case of 
September 25. The presence of low correlation coefficients suggests that the conductivity 
is not able to capture the variation in median particle diameter within the field 
satisfactorily.  
One of the likely reasons for conductivity values not being able to capture the 
range of median particle diameter can be deviation within particle size distribution from 
the median value. The media particle diameter might not be the best index to capture the 
whole particle size distribution as it is only providing information about median particle 
diameter , however, is missing information about the rest of the distribution of particles.  
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Figure 4.17: Correlation of apparent electrical conductivity values with median particle 






Figure 4.18: Correlation of apparent electrical conductivity values with median particle 




The apparent conductivity is expected to be higher for the finer soil texture due to 
presence of clay and thus analysis of % finer can provide better correlation as compared 
to the median particle diameter. The clay particles have negative charge on their surface 
and thus tend to attract positive charge on their surface due to surface conduction. It is 
important to point here that surface conduction is present since the matrix of the medium 
is negatively charged and is balanced by the presence of counter ions which form a 
diffused layer over the charged particles (Revil, 1998).  
Figure 4.19 and 4.20 (for rain event 1 and 2 respectively) shows the correlation of 
apparent conductivity with the %fines present (% of particles lesser than 0.0.75 mm are 
considered to consist of silt and clay as per Unified Soil Classification System). A strong 
correlation was observed for the conductivity values and % fines for the September 08 
mapping. Overall, the conductivity at one meter was linearly correlated with the 
distribution of % fines. However the half meter coil spacing did not exhibit a relationship 
except for the data from September 08.  
Similarly, an analysis was performed to check the correlation of conductivity 
values with the % fines present (silt +clay) for second rain event. The results are shown 
in figure 4.20 which reveals that a much stronger correlation exists between % fines and 
the conductivity values for one meter coil spacing as compared to relation of conductivity 
values with median particle diameter. The R values were found to be -0.15, 0.68, 0.81, 
0.52 and 0.44 for all the five mappings respectively. The negative correlation was 
observed for the case of September 23 was due to presence of negative conductivity 
outliers due to flooding of field and is prominently observed. These outliers were 
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removed and then correlation was again studied with results in figure 4.20 (A). The 
correction resulted in better correlation (R = 0.26) however it was still weak and not 
statistically significant This analysis shows that conductivity values for one meter 
correlate well to the % of fines present in the subsurface, the half meter coil spacing, 
however, had a poor relationship.  
 
Figure 4.19: Correlation of apparent electrical conductivity values with %fines (particles 
lesser than 0.075 mm) for rain event 1. The correlations significant at 95% confidence 




Figure 4.20: Correlation of apparent electrical conductivity values with %fines (particles 
lesser than 0.075 mm) for rain event 2. The correlations significant at 95% confidence 




Figure 4.20(A): Outlier correction for September 23. The new R values is 0.26 , however 
is not significant correlation at 95% confidence interval. The units for conductivity are 
mS/m. 
 
Thus the maps for one meter coil spacing could be used to determine underlying 
texture and soil moisture patterns with some confidence. The spatial patterns of 
conductivity values were found to be temporally stable for one meter coil spacing. The 
south west region of the field always showed a positive deviation from the mean 
conductivity value of the field however, the north east region consistently showed 
negative deviation from the mean conductivity values. This shows that each individual 
survey can be utilized to reveal some spatial textural and moisture distribution. Although, 
the EMI technique is widely used to obtain soil moisture and texture maps, there are few 
cases in the literature where this technique did not serve well. Hedley et al (2004) utilized 
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EM38 for identification of textural patterns and found that EMI data correlated better to 
the clay content for vertical mode than the horizontal mode. They also captured the soil 
moisture variability using EMI data (R = 0.42). On the other hand, Kachanowski (1988) 
found conductivity values to capture 96% of variation of the water content variations 
however they used a wide range of soil texture and soil moisture regimes as opposed to 
the soil in case of Hedley was silt loam and had narrow textural range and moisture 
range. Thus, absence of a wide range of variability can affect the ability of EM38 to 
detect underlying patterns.  
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 Joint Relationship of apparent conductivity values with water content and % fines. 
As apparent conductivity is dependent on various factors simultaneously, the 
dependence of apparent conductivity values on both water content and % fines jointly 
was studied. The apparent conductivity was considered to be dependent on the 
independent variables water content and %fines and they were plotted in 3-dimesional 
matrix. In order to asses them quantitatively, a best fit plane was then determined for 
each survey independently using the following model  
= ( , % ) = ∗ + ∗ % +  
  The coefficients A, B and C were determined for each case using surface fitting 
tool in MATLAB. The goodness of fit was determined by R values. The following table 
shows the values of coefficients for first and second rain event: 
 
Table 4.6: Table showing the coefficients of best fit plane through apparent conductivity, 
water content and % fines as dimensions. 
A B C R-square R 
6-Sep 10.58 0.04 0.33 0.57 0.75 
8-Sep 5.65 0.15 0.87 0.72 0.84 
13-Sep 12.44 -0.01 3.51 0.20 0.44 
23-Sep -6.66 0.13 3.18 0.19 0.43 
24-Sep -3.04 0.16 0.58 0.45 0.67 
25-Sep 8.24 0.82 0.89 0.67 0.82 
28-Sep 14.79 -0.01 -0.86 0.42 0.65 
1-Oct 3.87 0.07 -0.27 0.44 0.66 
 
High R values were observed for almost all the cases which shows that electrical 
conductivity is dependent on both the water content and %fines simultaneously.  
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Figure 4.21 and 4.22 shows the relationship of electrical conductivity, water 
content and the %fines for first and second rain event respectively.  
 
Figure 4.21: Relationship between electrical conductivity (mS/m) , water content[-] and 




Figure 4.22: Relationship between electrical conductivity (mS/m) , water content[-] and 
the %fines for second rain event. 
 
Similarly, another analysis was performed by analyzing the data from all the EMI 
surveys jointly for both the rain events. The three dimensional plots are shown in Figure 
4.23 and 4.24. The coefficients of best fit plane through the data and the goodness of fit 
are shown in Table 4.7.  
The joint analysis shows that a moderately good relationship exists for both the 
rain events and thus the apparent conductivity values can capture the variation of water 
content and % fines. 
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Table 4.7 Table showing the coefficients of best fit plane through apparent conductivity, 
water content and % fines as dimensions by joint analysis 
A B C R-square R 
Rain 1 -3.72 0.16 1.53 0.38 0.62 
Rain 2 8.95 0.04 0.17 0.30 0.54 
 
 
Figure 4.23: Joint relationship between electrical conductivity (mS/m) , water content[-] 







Figure 4.24: Joint relationship between electrical conductivity (mS/m) , water content[-] 
and the %fines for second rain event. 
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Water Retention Curves: 
` The results of water retention curves from all the 33 locations are shown in Figure 
4.25. However, in order to compare them with each other, they are also shown in Figure 
4.26. In order to compare them the first 15 locations lying in south western part were 
grouped together and shown in black dots in figure 4.26, while samples locations 16-33 
on north eastern side of the field are shown as red circles. This grouping was based on 
qualitative patterns of conductivity values for one meter coil spacing for illustrative 
purposes.  
From figure 4.26, it can be observed that most samples from first 15 locations 
appear on the top of the samples from locations 16-33. This shows that they tend to retain 
more moisture as compared to others for a given tension. However, there is not a clear 
boundary to distinguish them but this method helps to assess them qualitatively.  
The experimental data was then fitted with the van Genuchten Equation. The van 
Genuchten Equation is given as (van Genuchten, 1980): 
(ℎ) = 	 + 	
−
[1 + |ℎ| ] /  
Where,  
(ℎ) = volumetric water content as a function of matric potential (h) 
 = residual water content 
 = saturated water content 
 = parameter related to inverse of air entry suction 
 = measure of pore size distribution 
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ℎ = the suction or head (pressure) 
 This fitting of experimental data provided parameters  amd  for all the 33 
locations. These parameters were then plotted against apparent electrical conductivity to 
reveal presence of any trends. Figure 4.27 and 4.28 shows plots of apparent electrical 
conductivity at one meter vs. van Genuchten parameters  and . These plots suggest that 






Figure 4.25: Water Retention Curves for all the 33 sampling locations. The title 




Figure 4.26: Composite water retention curves for all the locations on logarithmic 
pressure axis. Sample locations 1-15 are showing in black dots while rests of the samples 




Figure 4.27: Figure showing relation of van Genuchten Parameter (α) with conductivity 






Figure 4.28: Figure showing relation of van Genuchten Parameter (n) with conductivity 
for one meter coil spacing. 
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Infiltration Tests 
The results for all the infiltration tests are shown in Figure 4.29. These results show 
cumulative infiltration with time. Thus it is possible to compare the locations with each 
other. In order to compare these infiltration tests with each other, they were plotted on the 
same figure (figure 4.30) with samples 1-15 were grouped together and the rest of them 
grouped together. Figure 4.30 shows that most places, where higher infiltration was 
observed come from locations 16-33. The locations 1-15, however, tend to have a lower 
infiltration rate. Again, no definitive boundary was observed. This shows that spatial 
observed by conductivity at one meter coil spacing can be related to some extent to the 
infiltration rates.  
In order to relate conductivity values with basic infiltration rate, plots were made 
for conductivity vs. basic infiltration rate as shown in Figure 4.31. For the September 23 
mapping, no relation was observed. For September 24, for the conductivities greater than 
3 mS/m, the basic infiltration values were low. However, the higher basic infiltration 
values tend to belong to conductivity values less than 3mS/m. Similar is true for 
September 25 and 28 mapping. For October 01 mapping, it can be observed for a value of 
2 mS/m. This shows that higher electrical conductivity tend to capture low infiltration 
rate region. However, it is not very efficient since many low basic infiltration rates 
belong to lower conductivity values as well. Figure 4.32 and 4.33 shows the relationship 
of apparent conductivity values with the other Kostiakov Equation coefficients. However, 
these figures reveal that there is no relationship observed between them either. 
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Figure 4.29: Cumulative infiltration vs. time for all the sampling locations. 
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Figure 4.31: Figure showing relation basic infiltration rate with conductivity for one 
meter coil spacing. The uncertainty in fit parameters at 95% confidence interval is shown 







Figure 4.32: Figure showing relation of Kositakov Equation Coefficient (α) with 
conductivity for one meter coil spacing. The uncertainty in fit parameters at 95% 





Figure 4.33: Figure showing relation of Kositakov Equation Coefficient (k) with 
conductivity for one meter coil spacing. The uncertainty in fit parameters at 95% 
confidence interval is shown for each data point. 
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4.4.4 Spatial Cluster Analysis: 
In order to delineate the agricultural field into different management zones, 
cluster analysis was utilized. The method of cluster analysis using GMM has been 
discussed in detail in Chapter 3. It was observed that half meter coil spacing showed very 
little relationship with most of the soil properties, thus, only one meter coil spacing from 
second rain event was utilized to perform the cluster analysis. The spatial cluster analysis 
was performed in two different ways: a) using data collected on different days 
independently b) using surveys from all days jointly. 
In this case the clustering was performed for the data collected on each day. 
Figure 4.34 presents the results of daily cluster analysis. For example, to obtain such 
results clustering was done on (	1) 	  to get the results for September 23, 2011 in 
Figure 4.34. Similarly, the clustering was done for rest of the days by taking into account 
the conductivity values collected only for that day. The daily spatial data clustering was 
performed to understand the daily spatial patterns present with in the field. The optimum 
number of clusters were determined using mean silhouette index values. The number of 
cluster for which maximum mean silhouette value is obtained, is chosen as optimum 
number of clusters statistically. The analysis was performed for number of clusters 
varying from 2 to 6. The results are shown in the Table 4.8. From table 4.8 , it can be 
observed that low mean silhouette values are present for the September 24 mapping and 
the clustering will not produce very good results in this case. 
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Table 4.8: Table showing mean Silhouette values for different number of clusters for 
spatial data.  
Number of Clusters 2 3 4 5 6 
September 23, 2011 0.60 0.41 0.27 0.14 0.08 
September 24, 2011 0.37 0.35 0.19 0.17 0.10 
September 25, 2011 0.52 0.34 0.26 0.17 0.11 
September 28, 2011 0.51 0.37 0.28 0.21 0.14 
October 01, 2011 0.54 0.37 0.27 0.20 0.15 
 
On analyzing figure 4.34, it can be observed that southwestern region always has 
a high probability to belong to one cluster as compared to the northeastern region. These 
are the regions which qualitatively showed the presence of different soil texture and 
water content distributions. The clusters are not very well separated with in the data space 
and could be analyzed from figure 4.35. These analyses shows that spatial patterns within 




Figure 4.34:Figure showing results of cluster analysis for individual EMI survey for 




Figure 4.35 Figure showing the results of cluster analysis for individual EMI survey for 
second rain event in the data space. 
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A joint analysis accounting for conductivity values for one meter coil spacing 
from all the surveys from second rain event was performed. Again the optimum number 
of clusters were found to be two as shown in table 4.9. 
Table 4.9: Table showing mean Silhouette values for different number of clusters for 
spatial data.  
Number of Clusters 2 3 4 5 6 
Mean Silhouette Value 0.60 0.51 0.51 0.42 0.41 
 
The results of the joint spatial data is shown in figure 4.36 which reveals that 
southeastern region (blue region) has a higher probability to belong to one cluster as 
compared to the rest of the field (orange region). When the sampling locations were 
plotted over the cluster analysis results, it appears that locations 1-15 and 27-29 appear to 
belong to one region as compared to the rest of the locations. This analysis is consistent 
with the values which we qualitatively picked to perform illustration of soil properties 
variability. Figure 4.37 shows the separation of data points using two principal 
component scores. The principal component analysis was performed on a joint matrix of 
the electrical conductivity values obtained from each survey. The principal components 
scores capturing the maximum variance were then utilized to plot the data points . The 




Figure 4.36: Figure showing the results of cluster analysis for joint EMI survey for 




Figure 4.37: Figure showing the results of cluster analysis for joint EMI survey for 
second rain event in the data space.  
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4.4.5 Difference Maps 
The temporal data analysis was performed by determining changes in 
conductivity values for different days. The surveys from the first rain event were not used 
while assessing the temporal variations since the standard deviation was found to be very 
high along with the negative conductivity values for half meter coil spacing which may 
be caused due to calibration issues (as discussed earlier ). The conductivity data for 
second rain event was utilized to create difference maps are shown in Figure 4.38 and 
4.39 for half meter and one meter coil spacing respectively. Difference maps provide 
insights into how apparent conductivity values responded differently to the rainfall events 
across the field. For example, the conductivity change attributed to moisture increases 
while decreases in conductivity values are observed as the field is drying out. 
For half meter coil spacing, since the field was drying out at the surface, the entire 
field almost shows negative conductivity values (September 24-23) except some portion 
in the south western side which showed almost no change. The reason for this lack of 
change could be explained by the flooding of water in that region as discussed in earlier 
sections. For the mappings of September 25- 24, the conductivity values were still 
negative in most of the parts of the field. However, some parts in north east and center 
show a greater change as compared to south western parts. For the mappings of 
September 28-25, the most of the field seems red and is showing less change in 
conductivity, however, a patch in the southeastern region tends to show a greater change 
in this case. This patch shows that water stored over the surface has been infiltrated and 
evaporated and that region is losing water. For the next case, October01-September 28, 
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the field was comparatively dry on both the days and not much of a moisture change is 
expected. However, these difference maps do not reveal any region prominently which is 
consistently showing a very large change in the conductivity values.  
These difference maps for half meter conductivity values are not revealing any 
meaningful zones or patterns present in the field.  
 
Figure 4.38: Changes in apparent conductivity for the field for half meter coil spacing. 
Differences were calculated for the survey dates as indicated above each map. 
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For one meter coil spacing, the south eastern part of the field showed increase in 
the conductivity values (September 24-23). Again, flooding of the field can be attributed 
to this increase. The second case shows an overall increase in conductivity values for the 
field for September 25-24 which might have two likely explanations – flooding and 
instrument sensitivity. The flooding of the field on September 24th produced lesser 
conductivity values for September 24 mapping. However, the flooding was significantly 
reduced by September 25 causing EM38 to have higher skin depth. Thus, positive 
difference in conductivity values was observed. The second reason could be attributed to 
instrument sensitivity. As the instrument is most sensitive at around 0.4 m and most of its 
response was coming from the flooded water due to reduced skin depth, and thus it was 
capturing lower conductivity values. However, once the flooded water level reduced, the 
skin depth increased and thus instrument started to capture the conductivity of water 
logged and the surface as well. Since the range of conductivity values observed was very 
low for the field in case of all the mappings, a slight variation in the environmental 
factors or human error while handling the instrument (errors while walking /calibration) 
could significantly affect the readings.  
The difference map for September 28-25 shows that for most parts of the field, a 
decrease in conductivity was observed. However, in this case the least amount of change 
was observed in the north eastern part of the field. This shows that the region having finer 
soil particles is now loosing water however, the least change is observed in the region 
consisting of coarser texture. The difference map for October 01- September 28 shows a 
blue patch in the south western part having maximum change in conductivity. This is 
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consistent with the fact that the soil from the south western part which has finer texture is 
still losing water from the rainfall event.  
Figure 4.39: Changes in apparent conductivity for the field for one meter coil spacing. 






4.4.6 Temporal variation of conductivity values with the gravimetric moisture content.  
In order to quantitatively assess the behavior of change in electrical conductivity 
and relate it with change in soil moisture, correlation of change in electrical conductivity 
was studied with the water content change for the same time period. Figure 25 and 26 
shows the change in conductivity values vs. change in gravimetric water content data. 
Figure 25 show that the correlation between them is observed to be poor. The similar is 
true for one meter coil spacing (Figure 26). 




Figure 4.41: Figure showing plots of change in electrical conductivity for one meter coil 
spacing vs. change in gravimetric water content data. Differences were calculated for the 
survey dates as indicated above each map. 
 
 These low correlations support the fact that difference maps were not able to asses 
any region consistently showing maximum or minimum change in conductivity values. 
Thus, temporal data in this case could not be utilized to identify change in electrical 







4.4.7 Temporal variation of conductivity values with the basic infiltration  
 Another attempt was made to study whether the change in conductivity values 
could be related to the basic infiltration rates obtained from the infiltration experiments. 
The results are shown in Figure 27 and 28 for half meter and one meter coil spacing 
respectively. Poor relationship existed between the difference in conductivity values and 
basic infiltration rates observed.  
 




Figure 4.43: Figure showing plots of change in electrical conductivity for one meter coil 
spacing vs. basic infiltration rate obtained by double ring infiltrometer experiments. 
Differences were calculated for the survey dates as indicated above each map. 
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4.5. Conclusions: 
 Electromagnetic Induction was utilized to repeatedly map an agricultural field 
present near Clemson University, SC to study the spatio-temporal conductivity data over 
two rain events in September, 2011. Various soil properties like gravimetric water 
content corresponding to each EMI survey, soil particle size distribution, water retention 
curves and rate of infiltration was utilized to support the EMI data. The exploratory data 
analysis showed inconsistency in the conductivity data as a shift within the conductivity 
values was observed for two transects close to each other possibly due to drift/calibration 
issues. These survey results also showed that since standard deviation was found to be 
very high, the data should not be utilized for the quantitative assessment. To overcome 
this problem, calibration was performed by mapping a fixed transect over time during the 
entire survey and the calculated drift from the data was utilized to correct the EMI data 
for second rain event.  
 The pattern of mean electrical conductivity showed that for the half meter coil 
spacing, the conductivity decreased for the five EMI surveys. This was consistent with 
the fact that the field was drying out over these five surveys. The one meter coil spacing 
values also showed a similar agreement for the last three surveys. The first two surveys 
recorded extremely low values which lowered the overall mean conductivity value of the 
field.  
 The spatial patterns of electrical conductivity with various soil properties showed 
that conductivity at one meter coil spacing tend to have a better relationship with the 
spatial gravimetric water content. The half meter coil spacing, however, was weakly 
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related to water content The spatial patterns in electrical conductivity also captured the 
variation of median particle size diameter to some extent and were found to correlate 
fairly well with the finer particles (% fines) present in the samples. The analysis of water 
retention curves showed that qualitatively the spatial pattern in the curves could be seen 
by comparing the curves from all the sampling locations together. Similarly, infiltration 
was found to be lower for the region with higher electrical conductivity qualitatively and 
higher for the region with lower electrical conductivity. 
Difference maps were then utilized for the second rain event which can aid in 
identifying regions consistently showing maximum change in conductivity values. The 
difference maps were able to define the drying and wetting of the field to some extent 
however, they were not very successful for this particular field. The quantitative 
relationship between changes in conductivity values vs. change in gravimetric moisture 
content was also very weak. This suggests that either the electrical conductivity values 
are being affected by some other soil properties like soil mineralogy, salinity or other 
environmental factors. Since, the spatial conductivity data was not very well correlated 
with the moisture content in some of the surveys, use of change in conductivity to relate 
with change in moisture will add up those individual spatial errors causing no relation 
between the data. The temporal analysis approach was not able to satisfactorily identify 
the regions within the field consistently showing maximum change in the conductivity 
values. Thus, the spatial trends were identified up to some extent for this particular field, 
however, the temporal EMI surveys did not significantly improved in delineating soil 
behaving differently in this case.  
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CHAPTER FIVE 
INVESTIGATION OF UTILITY OF ELECTROMAGNETIC INDUCTION TO 
CHARACTERIZE VARIATIONS IN WATER CONTENT AND  
SOIL VARIABILITY IN A RESTORED FLOODPLAIN 
Abstract: 
Floodplain wetlands are biologically diverse and thus are one of the most 
important ecosystems. However, they are at the risk of being destroyed due to various 
land use change and climate change. Thus, it is important to conserve and restore them. 
The outcome of restoration activities depends on the soil moisture dynamics in such 
wetlands. Thus, various scientific studies are performed to understand soil moisture 
behaviors and its effect on the ecohydrology at such restored sites to understand the 
outcomes of the restoration activities. One such study is being performed in a valley of 
East Branch Pecatonica River in southwestern Wisconsin.  
This study investigates the use of Electromagnetic Induction to characterize 
spatial and temporal soil moisture changes and soil texture present at the field site. The 
study utilized Electromagnetic Induction due to dependence of measure apparent 
conductivity on soil moisture and texture collectively. We surveyed the field site with 
EMI based instrument (EM38-MK2) at two different times in a year and study the spatial 
and temporal patterns of conductivity values and its changes. Soil moisture obtained from 
various instrument and knowledge from previous studies were utilized to interpret the 
data. The changes in electrical conductivity values captured the wetting and drying of the 
field to some extent. However, the patterns in the conductivity values were consistent 
 174 
over time and could be related with the ecohydrolocial and texture patterns obtained from 
previous studies.  
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5.1 Introduction: 
 Floodplains and riparain wetlands are consiered to be one of the most biologically 
diverse ecosystems (Booth et al. 2011) . Many of wetlands have been degraded, however, 
due to various natural and anthropogenic affects. Efforts are being made therefore to 
conserve and restore these imporatnat areas (Bernhardt et al., 2007) . In order to predict the 
outcomes of the restoraton activity, it is impotant to understand the relationship of these 
ecosystems with the hydrology present in the region (Booth et al , 2010). As the soil 
mositure effects the wetland compositon (Booth et al , 2010), it is particularly important 
to understand vadose zone dynamics. Previous studies performed to study these 
relationships have mainly focused in the saturated zone region where depth to water level 
(DTWL) has been used a proxy to soil moisture due to ease of data collection of DTWL 
(Hunt et al. 1999) DTWL has provided a good measure of moisture in the past however, 
it may not always correlate with the soil moisture due to the influence of 
evapotranspiration or the presence of a deep water table. The soil moisture is more 
imporant to understand because the root zone is direclty affected by it. 
To obatin information regarding spatial and temporal variations in soil moisture, 
we propse to utilize Electromagnetic Induction. EMI is a widely accepted technique to 
measure soil apparaent electrical conductivity ( ) of the subsurface and is a quick, non-
invasive and cost effective appraoch. The  measured can be used as an indicator of 
various soil properties due to the dependence of  on soil salinity, clay content, moisture 
content, temperature and cation exchange capacity. (Corwin et al. 2005; McNeill, 1980).  
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The spatial variability of  values has been proved effective to characterize soil 
moisture and soil textural patterns (Hedley et al. 2004; Corwin et al. 2005; Hossain et al. 
2010). The temporal variation obtained by repeated EMI can also be utilized to image the 
changes in soil moisture values (Robinson et al. 2009). The objective of the study is to 
evaluate whether Electromagnetic Induction can assist in understanding ecohydrologic 
processes in a floodplain by identifying variations in water content and soil texture and 
study the ecohydrological patterns obtained from a previous study done at the site. In 
order to support our results various hydrologic data (soil moisture using various methods, 
piezometer, for detph to water table measurements) collected throught out the study site.  
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5.2. Background:  
Apparent electrical conductivity can be effectively measured using commercial 
EMI sensors. All Electromagnetic Induction based ground conductivity meters work on a 
similar principle. They consist of two coils – a transmitter and a receiver coil. Alternating 
current passed through the transmitter coil produces a primary magnetic field which 
decreases in strength with increasing depth of soil and induces eddy currents in the 
subsurface. This magnetic field varies in strength with depth of the soil. These horizontal 
eddy current loops do not interact with each other (Hossain, 2010) and produce a 
magnetic field proportional to the current. The combination of primary magnetic field 
and the induced magnetic field is called secondary magnetic field which induces 
alternating current in the receiver coil proportional to the secondary magnetic field. The 
ratio of secondary to primary magnetic field is directly related to EC and is measured by 
the instrument. The secondary magnetic field is a function of inter-coil spacing, operating 
frequency, ground conductivity (McNeill, 1980) and soil properties like clay content, 
water content and salinity (Corwin, 2005). 
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5.3 Site Description and Data Collection 
5.3.1 Site Description: 
 The study site is located in a valley of East Branch Pecatonica River in the 
unglaciated driftless area of southwestern Wisconsin. The location of the site is shown in 
Figure 5.1. The approximate coordinates of the site are 42° 58’ N, 89° 53’ W. The site is 
covered by a layer of floodplain sediments which vary in thickness from 0.1m to 1.2 m. 
The thickness usually decreased as the distance from the stream increased (Booth et al. 
2012). During the restoration of site, these sediments were scraped out and removed. The 
restoration was performed to decrease the depth to the water table for native plants. Four 
ponds were also created at the field site.  
 179 
 
Figure 5.1: Figure showing approximate location of the field site (left) and the field site 
(Booth, 2012) 
 
5.3.2 EMI Survey: 
 EMI surveys were conducted over the site in the months of June and July, 2011. 
The first survey was performed during June 13-14 and the second survey was performed 
a month later on July 25- 26. The EMI surveys were performed using an EM38-MK2 
instrument (Geonics Limited) with a 0.5 and 1.0 meter spacing between the transmitter 
and receiver coils. The instrument provides  measurements over effective depth range 
of 0.38m and 0.75m with the instrument in horizontal dipole mode providing greater 
sensitivity to the near-surface region. A commercial GPS was used to provide geo-
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referenced 	measurements and flags were used to mark the survey lines to ensure that 
the same transects were repeated in both the June and July surveys. These surveys were 
performed on the eastern side of the stream channel flowing through the field (Figure 
5.1). Approximately 4 km of transect lengths were mapped within each survey which 
resulted in collection of more than 20,000 data points per survey. The first survey was 
performed to assess wet conditions prevailing at the site. The second survey was 
performed later in the summer to capture the site under dry conditions. 
 As the EMI Survey was performed over two days, calibration of instrument was 
performed at same place for each survey within the field. However, a shift was observed 
in the  within each day for both the June and July survey. This shift in data could arise 
due to calibration issues. Another possible reason for the shift can be related to different 
soil temperature present as ECa is sensitive to temperature as well. The average daily air 
temperature values were obtained from a most nearest weather station (BLDW3-
BARNEVELD 1 S) with its coordinates as 43.0028 N, 89.8878 W (National Operational 
Hydrologic Remote Sensing Center). The average air temperature value for 13th and 14th 
June were 17.3 °C & 17.9 °C. However the average values were 18.85 °C and 20.48 °C 
in case of 25th and 26th July. There was not a very large difference in the temperature data 
for the different days and thus the only issue was due to calibration. This shift in the data 
was fixed by finding two closest transects where the shift was observed and the mean of 
value of one transect was subtracted from the data showing the shift. The two closest 
transects showed a similar pattern in the conductivity values across the transects except 
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shift in the absolute conductivity values. The calculations were kept consistent for the 
fields.  
5.3.3 Supporting Site Background: 
 The field site is located in the flood plain of Upper East Branch Pecatonica River, 
Wisconsin. In this region, a layer of gravel deposited during the Holocene is present at 
the field site with another silt clay layer observed on top of gravels. On top of the silt clay 
layer, post settlement flood plain alluviums are present. In order to restore the regional 
wetland habitat, post settlement alluvium (50-150 cm thick) were excavated from the 
field site (Booth et al. 2011) 
  In order to support the EMI data, a variety of instruments were utilized. Water 
content was monitored every 2 hours along the fiber optic distributed temperature sensor 
(DTS) cable using heat dissipation method (Lowry et al. 2007) along an approximately 
120m transect of the site (Transect GABH (in Figure 5.1). Soil moisture data was 
collected at two different depths (10cm and 20cm) using Decagon 5TM soil moisture 
sensors at 6 locations along the DTS transect. Significant data was lost for DTS cable 
after June 8 due to lightning. Thus the data from June 1 through June 8 was utilized due 
to unavailability of the data from the time of the surveys. Regular data from 22nd July 
through 31st July was analyzed in case of July surveys.  
 In order to get high resolution soil moisture data, theta probes (ThetaProbe ML2x, 
Delta-T Devices, Cambridge, UK) were used along the two transects GABH and LN. The 
data was collected at every 10 feet (~3.05 m) along the transect for each survey. Details 
about the field site have been discussed by Booth et al (2012). 
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5.4 Analysis and Findings: 
 The EMI surveys performed in the month of June and July aimed to capture the 
variation in field conditions from wet (June) to dry (July).  
5.4.1 EMI Surveys: 
 The preliminary exploratory data analysis was performed for the EMI Surveys 
and is shown in Table 5.1. Since, negative conductivity values were observed in the half 
meter coil spacing data, they were not selected for further analysis. All the analysis was 
done only for one meter coil spacing values.  
Table 5.1: Mean apparent electrical conductivity and within field standard deviation 
(σ ±SD) in mS/m for surveys.  
EMI Survey June July 
One Meter Coil Spacing 21.4 ± 5.7 16.27 ± 5.58 
 
 The mean apparent electrical conductivity value decreased from 21.4 mS/m to 
16.27 mS/m from June to July surveys. The standard deviation values, however, were 
found to be almost the same for both the surveys. This shows that overall the apparent 
conductivity of the field decreased between June and July suggesting drying of the field.  
 The histograms for each survey were produced to understand the distribution of 
electrical conductivity (Fig 5.3). For the survey performed in June, the histogram shows a 
normal distribution of . The histogram in case of July shows that more population is 
present having lower conductivity values. This caused the histogram to be skewed in 
nature. This analysis suggests that some of the population showed more decrease in 
conductivity as compared to the other parts of the field and different population might be 
present.  
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  The apparent conductivity patterns mapped over the site for both the surveys are 
shown in Figure 5.2 (as deviations from the mean apparent conductivity , i.e., σa* = σa – 
). Figure 5.2 shows that within the field, high electrical conductivity values prevailed 
in the regions in red however lesser electrical conductivity values prevailed in the region 
in blue. From these figures, it is clear that regions having high values can be consistently 
detected by looking at the spatial patterns. Some of the regions which showed higher 
conductivity (red) in June survey later turned to blue shade (showing decrease in 
conductivity).  
 





Figure 5.3: Apparent conductivity maps for the fields for each survey; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 
spatial patterns over time in each field using a constant color scale.  
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5.4.2 Comparison between June and July: 
EMI Survey:  
 In order to perform a more direct comparison of conductivity values, two 
transects of EMI survey running parallel to DTS cable were selected from each June and 
July survey. The transects represents the same region mapped at two different times i.e. 
June and July. For better comparison between June and July values, they were plotted on 
the same figure (Figure 5.4A). The x-axis describes the value of conductivity along the 
DTS cable running from west to east. The end point of DTS cable in west is treated as 
distance zero. For June Survey (Figure 5.4A ), low conductivity values were observed 
between -40m to 20m , higher conductivity values were observed for 20-65 meter. The 
conductivity values decreased from 65-90 meters and a decreasing trend was observed 
from 110-120 meters. The July survey on the other hand showed a similar pattern except 
for the section of 20-45 meters. This increase was observed due to mapping through the 
pond in the case of July mapping.  
 While looking at both the conductivity values, it was observed that overall the  
show a trend of low (-40-20 m) –high (20-55m) –low (55-90) –high (90-120m) for 
conductivity values while moving along the transect. This pattern in both the survey are 
likely due to presence of a similar trend of soil moisture or due to presence of different 
soil texture along the transect.  
  Even though the surveys were performed at different times, an overall consistent 
trend in conductivity values was observed. Also, the values were observed to be higher 
for the month of June as compared to the month of July except for -40-10 meters and 
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110-120 meters. This decrease in conductivity for July values suggests that soil moisture 
is playing a role to decrease the conductivity values. As the values of soil moisture and 
textural patterns are most likely to affect the  value, soil moistures from different 
sensors were further investigated.  
 
Figure 5.4: A figure evaluating different conditions for June and July. A) Figure showing 
EM data variation along the DTS cable for months of June and July. B) Figure showing 
moisture data from DTS along the DTS cable for months of June and July. C) Figure 
showing moisture data from Decagon-soil moisture probes at depths of 10cm and 20cm 
along the DTS cable for months of June and July. D) Figure showing moisture data from 




DTS cable:  
 The soil moisture values obtained from the DTS transect are shown in Figure 
5.4B. Since, the DTS soil moisture data was being collected every two hours, soil 
moisture values were averaged for June 7 - 8 and July 25 -26 to compare June and July 
surveys. Over all, the soil moisture was found to be higher for the month of June as 
compared to the month of July. This shows that overall the field was drying out. The 
following pattern was observed in the soil moisture data – low (for -20 to 0 meters), high 
(0-40 meters), low (for 40-90 meters0 and high (90-120 meters). The soil moisture, 
during the June surveys, in the wet zone are high compared to the July survey. The dry 
zone, however, had very similar moisture content in both the surveys. This suggests that 
drier zone identified consists of either coarser texture particles.  
 
Decagon probes (Soil moisture) –  
 
 The soil moisture values were also recorded at two different depths at 6 locations 
along the DTS cable as shown in Figure 5.4C. Overall the June surveys, showed 
relatively high values of soil moisture as compared to the July surveys and in most of the 
case the moisture at 20 cm depth was higher than that of 10cm depth. However, June 
survey showed a lot of deviation from the mean values as shown in the figure using 
errobars. Qualitatively, these also followed a high – low – high moisture values for the 
segments of 0-40, 40-90, 90-120 meters respectively.  
Theta probes:  
 Similarly, Theta probes recorded soil moisture at 41 locations along the DTS 
transects for the both the surveys as shown in Figure 5.4d. Once again, the higher 
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moisture values prevailed in the month of June as opposed to July with the pattern of low 
- high – low – high moisture values was qualitatively retained.  
 Thus, it can be concluded that overall the field transitioned from wet to dry 
conditions from the months of June to July. The variations within the soil moisture are 
very consistent and capturing the similar behavior of the field. The EMI surveys showed 
a similar behavior qualitatively (Fig5.5 and 5.6). There was not a good agreement in the 
conductivity data and the soil moisture data recorded, however, for a section (10-30 




Figure 5.5: Figure showing EM data and water content obtained from DTS cable. The 
dashed lines represent standard deviation for DTS moisture values. The data belongs to 





Figure 5.6: Figure showing EM data and water content obtained from DTS cable. The 
dashed lines represent standard deviation for DTS moisture values. The data belongs to 
month of July. 
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5.4.3 Relationship of apparent electrical conductivity with soil moisture values: 
 In order to further investigate the relationship of  with the soil moisture values, 
plots were made for conductivity vs. soil moisture collected using various methods. The 
analyses were done for each sensor type and for the months of June and July. In order to 
do so, the  values were estimated at the points where the readings of soil moisture were 
obtained. This estimation of conductivity values was done using linear interpolation.  
 Figure 5.7 shows relationship between conductivity values and the soil moisture 
obtained from DTS cable. This figure shows no relationship with electrical conductivity 
and the soil moisture data for the June survey. The correlation coefficient (R) was found 
to be -0.04. However, a weak relationship existed for July survey with R = 0.24. The low 
correlation coefficient value for DTS measured soil moisture, in case of June survey, is 
possible due as the average data from June 7-8 was utilized (data loss due to lightening) 
and compared with the conductivity data collected on June 13-14. Thus, there might not 
be exactly same conditions prevailing in the field during these two days. 
  A negative relation was observed in case of Decagon soil moisture probes (R = -
0.24 and -0.25 for June and July resp.) while theta-probes showed a positive relation with 
(R = 0.29 and 0.67) conductivity values as shown in Figure 5.8 and 5.9 respectively. The 
coefficient of correlation may not be very significant for the Decagon probes as only 6 
points were present. However, in case of theta probes, correlation was weak (R = 0.29) in 
case of wet conditions. However, a moderately strong relationship (R = 0.69) existed in 




Figure 5.7: Figure showing relation of electrical conductivity with moisture content 
obtained from DTS cable. 
   
 













































Figure 5.8: Figure showing correlation of electrical conductivity with moisture content 




Figure 5.9: Figure showing correlation of electrical conductivity with moisture content 
obtained from theta probes along DTS cable. 
 
 To study, how well correlated are these measurements obtained from the DTS 
cable and the theta probes are to each other, the measurements of soil moisture using both 
the sensors at different locations are shown in Figure 5.10. The DTS cable measurements 
were interpolated to obtain interpolated soil moisture values at points where theta probe 
was used to measure soil moisture. The correlation coefficients were found to be 0.45 and 
0.51 for the months of June and July respectively. This shows that not a very good 
correlation exists between the soil moisture obtained using theta probes and DTS cable. 



















































The possibility of weak correlation could be explained due to different measurement 
depths for both the sensors and the difference in the volume of soil being sensed.  
 
Figure 5.10: Figure showing relationship between soil moisture collected using two 
different sensors (DTS and Theta probe) for the months of June and July. The coefficient 
of correlation was found to be 0.46 and 0.51 for June and July respectively. 
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5.4.4. Relationship of transient EMI data with transient moisture data: 
 Although, a weak relationship was observed between apparent conductivity and 
water content measurements, studying the changes in apparent conductivities with 
changes in soil moisture might present better contrasts and able to identify the zones 
showing maximum changes in conductivity.  
 In order to perform such analysis, the difference in  values and differences in 
soil moisture values obtained from different soil moisture sensors were calculated. This 
difference was obtained, in each case, by subtracting the values from July survey from 
June surveys. Thus, if a place was wet in June and became drier in July, the subtraction 
will result in positive soil moisture and vice versa. This hold true for the conductivity 
values as well, since higher conductivity values were observed in case of June survey.  
 Figure 5.11 shows the changes in soil moisture from DTS cable vs. changes in 
apparent conductivity values. A poor correlation was observed in the data in this case. 
However, the figure suggests that there are two different types of populations present. 
Similar type of behavior was observed for the changes in soil moisture obtained from 
theta probes and changes in conductivity values as shown in Figure 5.12. However, the 
populations are not very distinct in this case.  
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Figure 5.11: Figure showing correlation of difference in electrical conductivity with 
change in moisture content obtained from DTS cable. 
 




























Figure5.12. Figure showing correlation difference in electrical conductivity with change 
in moisture content obtained from theta probes along DTS cable. 
 
 Thus, in order to identify the regions behaving distinctly based on soil moisture 
and the conductivity values, a cluster analysis was performed taking into account changes 
in conductivity values and changes in soil moisture using DTS cable. The cluster analysis 
performed classified the points into two clusters. The regions classified to cluster 1 are 
shaded in gray in Figure 5.13 to indicate their location along the transect.  
 The cluster 1 is assigned mostly to the population lying in the zone 16 to 90 
meters and 102 to 112 meters. However, the rest of the section of has been assigned to 
second cluster. Thus, this type of analysis could be utilized to discriminate zones 
behaving differently.  


























Figure 5.13: Figure showing the results obtained by cluster analysis of change in 
conductivity values and change in soil moisture values. The region in blue shade belongs 
to one cluster while the region in white corresponds to second cluster. 
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 In order to further investigate the changes in conductivity, the difference map for 
the  values was created (Fig 5.14). As most parts of the field are showing positive 
conductivity difference, it can be said that those regions behaved differently. The regions 
which are showing negative difference can be identified as the ponds present in the field. 
The justification behind such a statement is that during the July surveys as the field dried 
out, the ponds went dry. Thus the surveys were performed through the pond areas as well. 
However, the surface was still relatively wet within the pond area as compared to the rest 
of the field. Thus those regions show up in the difference map. From the transient EMI 
study, it was clear that some of the parts of the field showed a high change in the  




Figure 5.14: Difference map for the study site by subtracting apparent conductivity at 
one meter coil spacing of JULY survey from JUNE survey. 
 
Pond Locations  
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5.4.5 Relation between spatial conductivity patterns vs. ecologic patterns at the field site: 
Booth et al (2011) performed a study at the same site where they compared 
surface effective saturation and DTWL and assessed them as a predictor to plant 
composition. The hydro-ecological model developed by them predicts the probability of 
presence (POP) for two plant species (Carex vulpinoidea (fox sedge) and Elymus 
Canadesnis (Canada wildrye)).  
The results from predictive modeling are shown in Figure 5.15. The figure shows 
the patterns of surface effective saturation at the field site. The current state of the site is 
post-restored thus subfigures B is relevant for relating to the conductivity values. From 
this figure, it can be observed that a high surface effective saturation is present near the 
ponds and along the stream. However, low soil moisture was observed in the southern 
part of the field and a patch as indicated in the figure. A similar pattern was observed 
when compared with the apparent electrical conductivity patterns as shown in Figure 









Figure 5.16 Apparent conductivity maps for the fields for each survey; the mean 
conductivity for each survey has been subtracted from the data to allow for comparison of 
spatial patterns over time in each field using a constant color scale. The oval shaped 
region was found to be consistent with that of Figure 5.15. 
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In their study, they used geophysical surveys along the DTS transect and found 
that along the DTS transect, a confining layer was present in the section of 50-90 meters 
along consisting of silt clay layer which inhibits the upward movement of groundwater. 
This confining layer is responsible for lesser moisture content in that region. This low 
moisture zones observed due to presence of confining layer has also been captured by 
electrical conductivity data along the DTS transect (as discussed earlier). This shows that 
overall the conductivity patterns can be utilized to understand the overall presence of 
confining layer at the field site.  
 
 
Figure 5.17: Figure showing presence of confining layer at the field site along the DTS 
cable (Booth et al. 2012) 
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5.5 Conclusion:  
 Electromagnetic investigations were performed at a wetland restoration site to 
investigate whether EM38 is a feasible tool to improve the understanding of soil 
heterogeneity and the interaction between soil moisture and groundwater in the top meter 
of a restored floodplain. We used soil moisture data from DTS cable and soil moisture 
sensors to support our data. Clear variations in electrical conductivity were observed 
across the site and illustrate variability in soil texture and water content. Difference in 
electrical conductivity between the surveys indicates an overall decrease in water content 
at the site which was established using the soil moisture data. Persistent wet and dry 
zones were observed along the DTS transect and indicate variations in soil hydrology. 
These EMI response along the transect was able to qualitatively detect a similar pattern. 
The conductivity values related to soil moisture however the relationship was not strong 
especially during the wet period due to very higher moisture values. The relationship 
between changes in conductivity with change in moisture values did not show a very 
good relation but it could be utilized to identify the zones behaving differently within the 
field. The pattern obtained from the conductivity maps could be related qualitatively to 
observe some consistency with the hydroecological modeling performed at the field site. 
The silt clay based confining layer detected using the predictive modeling could also be 
qualitatively related with the electrical conductivity patterns observed along the DTS 
transect. This preliminary assessment shows that, monitoring with EM induction may 
provide significant insights into site-specific controls on the geohydrology of the soil and 
could serve as a potential tool in the future.  
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A study was performed at different field sites in India and in USA to evaluate the 
use of Electromagnetic Induction to characterize field scale changes in soil properties. 
The EMI based electrical conductivity values, which is used as a surrogate to various soil 
properties, were obtained for agricultural fields in a small watershed in India. The 
surveys were performed over two timescales representative of the seasonal variations 
associated with monsoon as well as the individual rainfall events. Variations in electrical 
conductivity measurements performed over a monthly time scale qualitatively showed a 
good seasonal relationship with rainfall. Lower  values were prevalent at the end of the 
dry season, increased during the rainy season, and then again decreased as the rains 
stopped. The specific  changes observed over time were found to be dependent on 
location within the watershed and were interpreted to be associated with different 
hydrologic processes acting in those areas. The  obtained from daily surveys showed a 
similar gross behavior as the seasonal data; rainfall generally caused an overall increase 
in the average conductivity of the fields. However, the difference in  values for 
different days revealed additional information about soil variability. For one agricultural 
field, we found that both the value of  and the change in  can provide insight to 
variability in soil hydraulic properties. In a second field, however, we found that  and 
changes in  produced very different spatial patterns with the change maps providing a 
seemingly better relationship with the hydraulic conductivity of the soil.  
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In order to perform a more controlled study, an agricultural field in Clemson, SC 
was chosen to perform the repeated surveys over two rain events. Various soil properties 
like gravimetric water content for each EMI survey, soil particle size distribution, water 
retention curves were obtained for the field. The range of  changed over time as a 
result of wetting and drying of the field to some extent but the within field spatial patterns 
of  were relatively consistent. The conductivity values correlated with the water 
content and finer particles obtained from the soil properties analysis with significant 
correlation values ranging from R = 0.36 – 0.78 for water content and R = 0.44-0.81 for 
% fines. A spatial pattern was also observed in the conductivity values and the soil 
properties. The changes in , however, showed a poor relationship with changes in 
water content, water retention curves or basic infiltration rate obtained using infiltration 
tests. The temporal analysis approach was not able to satisfactorily identify the 
meaningful regions within the field consistently showing maximum change in the 
conductivity values. Thus, the spatial trends were identified up to some extent for this 
particular field, however, the temporal EMI surveys did not significantly improved in 
delineating soil behaving differently in this case.  
The cluster analysis performed for the fields in India showed that clustering 
performed using spatial data was able to capture the two different soil textures 
qualitatively observed in the field. The Monte Carlo simulation showed that the two 
clusters always had significantly different means showing that they belong to different 
clusters statistically as well.  
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The other part of study was done performed at a wetland restoration site to 
investigate whether EM38 is a feasible tool to improve the understanding of soil 
heterogeneity and soil moisture using data from DTS cable and soil moisture sensors. 
Variations in electrical conductivity were observed across the site which illustrate 
variability in soil texture and water content. Difference in electrical conductivity between 
the surveys indicates an overall decrease in water content at the site which was 
established using the soil moisture data. Persistent wet and dry zones were observed 
along the DTS transect and EMI response along the transect was able to qualitatively 
detect a similar pattern. The relationship between changes in conductivity with change in 
moisture values did not show a very good relation but still it could be utilized to identify 
the zones behaving differently within the field. The pattern obtained from the 
conductivity maps could be related qualitatively to observe some consistency with the 
hydroecological modeling performed at the field site.  
From all the studies performed at different field site, it can be concluded that 
Electromagnetic Induction can definitely capture the spatial variation in water content, 
soil texture. The transient electromagnetic induction surveys however were not very 
efficient in capturing the changes especially for Clemson field site using the analysis 
technique adopted for the study. The future work can involve exploring the reasons why 
this relationship between the change in conductivity and changes in soil properties were 
not being captured by taking into account the effect of fluid conductivity, porosity and 


























Calculation of Hydraulic Conductivity using Mini disk infiltrometer: 
 
This method utilized the relation of cumulative infiltration with time by fitting the 
readings to the function: 
I = C1.t+ C2.√t 
Where, C1 and C2 are parameters, t = time and I = Cumulative Infiltration 
The hydraulic conductivity of soil (k) is then computed as: 
K = C1/A 
Here, A is a value relating the van Genuchten parameter for a given soil type to 
the suction rate and radius of the infiltrometer disk. The value of A used for the 





The following MATLAB code and files can be used to obtain the clustering 
results. The description about how the code runs and description of the steps are present 
in the files. The data to be utilized is included in the folder. These files can be found in 
folder “India data –Chapter3”. 
 
 Field10-A_robustness.m .................................................... Electronic Appendix 




Assessment of robustness of cluster analysis:  
 To perform the robustness of the clustering, a t test was performed for the two 
clusters identified using GMM. A multivariate t test known also known as Hotelling’s T2 
test using MATLAB was then utilized to determine whether the two clusters had 
significantly different means. The null hypothesis assumes that the vectors have equal 
means. 
 This procedure has been adopted from Hotelling (1931) when it was first 
proposed. the If x and y are two vectors, i.e. here conductivity for cluster 1 and 2 
respectively, a pooled sample standard deviation is calculated as  
= 	
( − 1) + ( − 1)
+ + 2  
Where, s = pooled sample standard deviation, sx and sy are sample standard 
deviations of x and y respectively, and n and m are the sample sizes of x and y 
respectively.  
The t-test statistics is calculated as  
= 	
∗
+ ∗ ( 	 − 	)′
	 ∗ ( 	 − 	) 
Where, 	 	  are the sample means. (Davis,2002) 
Once the T square value is known, F transformation is performed on it using the 
given equation 
=
+ − − 1
( + − 2) ∗ ∗  
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 Where, p = number of variables,  
The aim of the test was to show that the mean of one cluster is significantly 
different from the mean of the other cluster. This was done for all the 1000 realizations 
for a significance level (alpha) of 0.05. The F-statistics are shown in the figures below 
and they are always very large as compared to the F critical 1.47 for infinite number of 
degree of freedom. 
 
Reference: 
Davis, John C. 2002. Statistics and data analysis in geology . 3rd edition ed. 
Hotelling, H. (1931), The generalization of student’s ration. Annals of Mathematical 
Statistics, 2, 360-378 
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For Daily Spatial data : 
Field 10-A 
 





Figure C-2: Figure showing results for hypothesis testing for daily spatial data for Field 
10- B. 
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For joint spatial data : 
 
 
Figure C-3: Figure showing results for hypothesis testing for joint spatial data for Field 
10- A and 10-B. 
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For joint difference data 
 
 
Figure C-4: Figure showing results for hypothesis testing for joint spatial data for Field 




Soil Properties Analysis Methods: 
Soil core samples for top 15cm of surface were collected using a soil core sampler 
for each EMI mapping. There were 33 locations in the field covering the entire field 
which were sampled in each mapping. These core samples were utilized to determine 
gravimetric water content, soil texture (using sieve analysis), and water retention curves 
in laboratory.  
Methodology used to determine Gravimetric Water Content in Laboratory: 
1. Obtain the soil samples from the field using soil core sampler.  
2. Obtain the initial weight of soil and record it as . 
3. Oven dry the samples using an oven at 105 ° C for 24 hours.  
4. Obtain the weight of oven dried soil and record it as .  
5. Calculate Gravimetric Moisture Content using the following formula: 




 = Initial weight sample, 





Methodology used to determine particle size analysis: 
In order to perform particle-size distribution analysis, methodology was used in 
accordance with the “D6913-04(2009) Standard Test Methods for Particle-Size 
Distribution (Gradation) of Soils Using Sieve Analysis”. 
1. The soil samples were oven dried.  
2. 200 grams of soil was measured.  
3. The sample was then mechanically sieved through a stack of sieves of following 
sieve number for 20 minutes. 








4. The weight of soil sample retained on each sieve was then recorded.  
5. The fraction of soil sample passing through each sieve was then calculated.  
6. The cumulative fraction of soil sample passing through each sieve (% finer by 







Methodology used to obtain water retention curves using pressure plate setup: 
1. Soil samples were prepared from the soil obtained from different locations.  
2. The samples w were packed in a ring and were supported from bottom using a 
wired mesh.  
3. The plate of the pressure plate extractor and the soil sample were saturated with 
water for about 24 hours.  
4. The initial weight of soil samples before applying the pressure was recorded.  
5. The pressure was increased and soil samples were allowed to attain equilibrium.  
6. Once the equilibrium is reached samples were weighed again and weight was 
recorded at the corresponding applied pressure value. The equilibrium was 
usually achieved in about 16 hours.  
7. Similar process was repeated by increasing the pressure value each time.  
8. Once all the readings were obtained, the samples were oven dried for 24 hours at 
105 ° C to obtain the dry soil sample weight. 
9. The moisture value corresponding to each pressure value was calculated.  
10. The volumetric moisture content value was obtained since the volume of soil 
sample is known.  
11. The volumetric moisture content values were plotted against the applied pressure 





Methodology used to perform infiltration tests: 
1. Double ring infiltrometer was used to determine the infiltration curves.  
2. The double ring infiltrometer was pounded 15cm into the surface. 
3. The rings were filled with water at the beginning of the experiments.  
4. A scale was used to measure the drop in the water level with time.  
5. The values were recorded at 30 seconds to 1 minute interval for initial part of the 
experiment.  
6. The interval was then increased to 5 minutes.  
7. The infiltration observed in the time period was recorded.  
8. The cumulative infiltration with time provides the infiltration curves.  
9. The fitting of modified- Kostiakov equation helps in determining the parameters 
governing the infiltration at any given location.  
